Friction and Wear Interdisciplinary Workshop by Bisson, E. E. & Ku, P. M.
N A S A  T E C H N I C A L  
M E M O R A N D U M  
N7d- 
\ 
FRICTION AND WEAR INTERDISCIPLINARY WORKSHOP 
NASA TM X- 
NASA Lewis Research Center 
November 19-2 1, 1968 
'I Cleveland, Ohio 
-f 
https://ntrs.nasa.gov/search.jsp?R=19700010013 2020-03-23T19:17:00+00:00Z
FRICTION AND WEAR INTERDISCIPLINARY WORKSHOP 
NASA Lewis Research Center 
Cleveland, Ohio 
November 19-21, 1968 
Edited by 
E. E. Bismn,  NASA Lewis Research Center 
P. M. Ku, Southwest Research Institute 
STEERING COMMITTEE 
P. M. Ku, Southwest Research Institute (Chairman) 
G. S. Ansell, Rensselaer Polytechnic Institute 
E. E. Bisson, National Aeronautics and Space Administration 
G. C. Deutsch, National Aeronautics and Space Adrninistration 
D. G. Flom, General Electric Company 
E. E. Klaus, Pennsylvania State University 
E. C. McKannan, National Aeronautics and Space Administration 
M, C. Shaw Carnegie-Mellon University 
R. P. Shevchenko, Pra t t  and Whitney Aircraft 
.. 
11 
CONTENTS 
INTRODUCTION by P . M . Ku and E . E . Bisson .................. 1 
SURFACES AND SURFACE INTERACTIONS by P . M . Ku .......... 4 
UNLUBRICATED AND LUBRICATED WEAR by D . G . Flom ........ 7 
BOUNDARY LUBRICATION AND WEAR by E . E . Klaus ........... 16 
AEROSPACE LUBRICATION by E . C . M. cKannan ................. 24 
LUBRICATION. FRICTION. AND WEAR UNDER GROSS 
PLASTIC DEFORMATION by M . C . Shaw ................. 31 
EXTREME-TEMPERATURE LUBRICATION by 
R . P . Shevchenko ...................................... 65 
CLOSING REMARKS by P. M . Ku and E . E . Bisson ............... 76 
LIST OF PARTICIPANTS ....................................... 83 
iii 
i 
INTRODUCTION 
P. M. Ktx 
Sazathw e s  t Research Institute 
San Antonio, Texas 
E. E. Bisson 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 
In an effort to further the advances in the complex and interdis- 
ciplinary subject of lubrication, the National Aeronautics and Space Adrnin- 
istration inaugurated in 1967 an interdisciplinary lubrication symposium 
CD 
03 
b' u) ser ies .  The f i r s t  meeting of this se r ies ,  a symposium entitled Interdis- 
I 
M t 
ciplinary Approach to Friction and Wear, was held in San Antonio, Texas, 
on November 28-30, 1967. Ninety persons (approximately 25% basic  
scientists, 50% lubrication research engineers, and 2.570 design and de- 
velopment engineers) participated in this invitational meeting. The pro-  
gram featured a ser ies  of lectures and discussions, devoted to  a critical 
appraisal  of the level of understanding and the needed research  in the area 
of sliding friction and wear under unlubricated and boundary-lubrication 
conditions. 
I t  was noted during the San Antonio meeting* that the majority of 
the participants felt that many key problems in friction and wear  (both 
Xc Ku, P. M. : Closing Remarks. Interdisciplinary Approach to Friction 
and Wear,  P. M. Ku, ed. ,  NASASpec. Publ. SP-181, 1968, pp 479-486. 
1 
2 
theoretical and practical) warranted further in-depth discussion and that 
such discussion could more  profitably be conducted in an informal manner. 
Accordingly, on the recommendation of the Steering Committee, an Inter- 
disciplinary Workshop on Friction and Wear was held on the grounds of 
NASA Lewis Research Center, Cleveland, Ohio, on November 19-21, 1968. 
The Workshop was attended by 79 participants, composed approx- 
imately of 10% basic scientists, 60% lubrication research engineers , and 
30% design and development engineers. 'The conduct of the Workshop was 
as follows: 
On the morning of the f i r s t  day, all participants met  in a general 
session to hear a welcoming address by E. J .  Manganiello, Deputy Director 
of NASA Lewis Research Center. Following this address ,  six members  of 
the Steering Committee introduced a number of key problems in six broad 
a reas  which appeared to mer i t  special attention. These problems were  
selected by the Steering Committee in advance, merely to serve  as a s ta r t -  
ing point for la ter  discussions. It was emphasized, however, that the 
, 
various Working Groups should feel f ree  to depart from the suggested agenda 
in the light of their own interests and experience. 
Fo r  the next one and one-half days, the participants were divided 
into six Working Groups, all comprising a s  nearly as possible the same 
distribution of basic scientists, lubrication research engineers, and design 
and development engineers. The Groups met  separately to consider the 
3 
suggested problems, with the request to emphasize where criticaLnrider- 
standing was lacking and how the problems might possibly be attacked. 
L- 
The six Steering Committee members  who made the initial presentations 
served as the Group Leaders. 
The six Working Groups and their broad assigned a reas  were: 
I. Surfaces and Surface Interactions. 
11. Unlubricated and lubricated wear, 
111. Boundary lubrication and wear. 
IV.  Aerospace lubrication. 
V. 
VI. 
Lubrication, friction, and wear under gross  plastic deformation. 
Ext r eme - t empe ratur e lub r ica tion. 
The entire third day was devoted to a final general session, during 
which the six Group Leaders presented the reports f rom each of the Groups. 
This was followed by general discussions from the floor. 
+ 
This volume presents the six reports prepared by the Group Leaders 
after the meeting, a s  well as a summary of the proceedings of the final 
general session prepared, also after the meeting, by the present wri ters  
who served as chairmen of the Workshop and also editors of this volume. 
The wr i te rs  acknowledge their appreciation of the enthusiastic partici- 
pation of all those who attended the Workshop, and particularly the time and 
effort expended by the Group Leaders. 
extended by NASA Lewis Research Center in hosting the Workshop is 
Last but not least ,  the courtesy 
s ince r ely app r e ciate d. 
L 
i 
SURFACES AND SURFACE INTERACTIONS 
P. M. Ku 
Southwe s t  Research Institute 
San Antonio, Texas 
Editors'  Note: The members  of Working 
Group I were G. S. Ansell (Group Leader), 
M. Antler, E. D. Brown, H. J. Dawe, C. 
Dayson, G. C. Deutsch, R.  S. Fein,  H. C. 
Hoffman, R. A. Lad, F. F. Ling, E. I. 
Shobert, T. Spalvins, T. N. Strom, R. A. 
Wilde, and J. Zuk. This report  was pre-  
pared by P. M. Ku, based upon the verbal 
report  presented by G. S. Ansell during the 
final general session. 
The suggested topics for discussion by this Group were as follows: 
1. 
2. 
3. 
4. 
5. 
6 .  
Definition of a llsolid surface". 
Characterization of solid surfaces (physical, chemical): 
a. Not in contact. 
b. In static contact. 
C. In moving contact. 
Application of modern instrumental techniques to: 
a. 
b. Characterize surface interactions (physical, chemical). 
"Unlubricated friction"- How does it take place? 
"Unlubricated wear1!--  How does it take place? 
How to bridge the gap between the basic "micro" approach and 
the practical "macro" approach in friction and wear' studies? 
Characterize solid surfaces in moving contact. 
4 
5 
All of these topics were touched upon during the working session. 
It was felt that the definition of a "solid surface" could be approached 
in two ways. One way would be to  refer to the external layer, starting at that 
depth where the surface discontinuity first modifies the bulk properties,  and 
including any physically or  chemically bound layers which may be present. 
The alternative would be to define by characterization. 
The characterization of a single solid surface should include: (a) 
topography, which involves gross  features such as overall s ize  and shape; 
more detailed features such as waviness, machining marks ,  and asperit ies;  
and atomic-scale structure such as steps and ledges; (b) chemikal composi- 
tion, which involves identification as to element, concentration, and location; 
and environmental relationship; (c) atomic arrangement, which involves 
crystal  structure,  orientation, defect structure,and local distortion; and 
i, 
(d) surface properties,  which include physical, rheological, and chemical 
properties. 
The characterization of two solid surfaces in static contact should 
include not only the above features,  but also: (a) relative orientation, (b) 
state of s t r e s s ,  (c) interpenetration of the surfaces,  and (d) distribution 
of contacts and the f ree  space between the surfaces. 
In dealing with two solid surfaces in relative motion, st i l l  other 
factors should be considered. These include: (a) thermal gradient and 
t ransfer ,  (b) mass  gradient and transfer,  and (c) changes in all above- 
mentioned features with respect to time. 
6 
Referring to experimentation, the Group noted that apar t  from the 
various instrumental techniques already identified at the San Antonio 
Symposium, the scanning microscopy ant3 gas analysis techniques might 
also warrant  consideration. These available techniques were,  unfortunately, 
mostly not used by the friction and wear investigators. It was also em- 
phasized that the experimental configuration should be such as to permit 
the surfaces to be examined repeatedly in the course of a tes t  without their 
being disturbed in any way. 
With reference to unlubricated friction, the Group took cognizance 
of the two divergent models discussed at the San Antonio Symposium and 
felt that neither w a s  satisfactory because they both ignored the realities 
of the surface structure with no linkage to fundamental properties. 
The Group w a s  not satisfied with ihe current views on unlubricated 
wear for basically the same reasons. 
In order to further the understanding of friction and wear,  the Group 
felt that an attempt should be made to link the gross  behavior to the char- 
acterized surface. The concensus was that the surface can be characterized 
but requires the application of instrumental techniques not generally used 
in this field, and that friction and wear phenomena may be understood on 
the basis of characterized surfaces by employing models which permit 
critical experimentation. 
UNLUBRICATED AND LUBRICATED WEAR 
D. G. Flom 
General Electric Company 
Valley Forge Space Technology Center 
Philadelphia, Pennsylvania 
Editors' Note: 
Group I1 was transmitted by D. G. Flom, 
Group Leader. 
were J. K. Appeldoorn, J. J. Bikerman, P. H. 
Bowen, D. H. Buckley, R. Courtel, H. E. 
Evans, R. L. Hammel, R. L. Johnson, A. J. 
Lemanski, W. E. Littmann, C. J. Pentlicki, 
C. N. Rowe, G. Salomon, and D. W.  Wisander. 
This report  f rom Working 
Other members  of the Group 
The discussions of this Group were aimed initially a t  the following 
seven items: 
1. 
2. 
3.  
4. 
5. 
6. 
7. 
Di s tinction be tw e en 
Classification of wear. 
Physics and chemistry of wear. 
How to bridge the gap between the basic "micro" approach and 
the practical "macro" approach in friction and wear studies. 
The utility of mathematichl models of wear. 
Fretting . 
Oscillatory motion (i. e. , large amplitude). 
unlub r ica te d' ' and 'lub r i ca te d' I wear . 
F o r  reasons which will become apparent, these i tems were not taken 
up in order.  Also, Items 6 and 7 were not covered at all, not because of 
lack of importance but rather because it did not appear wise to cut off the 
enthusiastic discussion of the other topics. 
Initial attempts to draw a distinction between "unlubricated" and 
'tlubricatedtt wear indicated that this could be  done more  easily i f  Item 2 on 
7 
Classification were discussed first. To facilitate this task, i t  was decided 
to check the te rms  pertaining to wear in the Report of the Research Group 
on Wear of Engineering Materials of O E c D  (Organization for  Economic Co- 
operation and Development) entitled "Friction, Wear ,  and Lubrication. Terms 
and Definitions". 
munication much easier. 
Agreement on these t e rms  would make subsequent com- 
Checking of the l ist  was done with particular 
emphasis given to the following terms: 
Abrasion 
Adhesive wear 
Cavitation e r o s ion 
Corrosive wear 
Electrical pitting 
Erosion 
Fa1 s e b r inne 11 ing 
Fatigue we a r 
Fluid e ros ion 
Fretting 
Fretting corrosion 
Galling 
Impingement e r o s ion 
Initial pitting 
Lubrication 
Me c hani cal w ea r  
Me c hano - chemical wear 
Mild wear  
Normal wear 
Oxidative we a r 
Pitting 
Ploughing 
Scoring 
S c r at c hing 
S cuffing 
Seizure 
Severe wear 
Smearing 
Spalling 
The rmal w ea r  
Transition wear effects 
Unlub ricated sliding 
Wear 
Wear rate 
Wear resistance 
Wedge formation 
I t  was agreed that the definitions of these te rms  in the OECD List were by 
and large good, even though they were primarily macros  copically-oriented. 
There were very few objections to the definitions, and i t  was agreed that 
those who did object should submit their preferred definitions to R. L. 
Johnson, NASA-Lewis, a member of the OECD Sub-Group. 
I t  was felt also that the OECD activity in this a r e a  was important and 
9 
bhould be continued, including a continua! updating of the List of Definitions. 
Other methods of classifying wear could have been adopted but this 
was  not considered necessary for the present discussion. 
that a number of different wear mechanisms can operate concurrently and 
there is no reason to consider them mutually exclusive. 
It was recognized 
In considering the distinction between "unlubricated'' and "lubricated'' 
wear,  the Group decided to change the terminology from "wear" to "conditions" 
so as not to exclude friction from the discussion. 
both an engineering distinction and a scientific distinction would be desirable. 
I 
In the engineering context, "unlubricated" conditions a r e  those in which no 
lubricant (oil, solid lubricant, etc) has been added to the system. 
It was then concluded that 
Conversely, 
"lubricated" conditions a r e  those in which a lubricant has been added in- 
tentionally. An example of lubricated sliding is one in which a thick hydro- 
dynamic film can be developed, even under conditions of low speed and low 
load. 
-
A scientific distinction between "unlubricated" and "lubricated" con- 
ditions does not serve as useful a purpose because of the usual presence of 
films on nominally "clean" surfaces. 
lubricant action. 
tion betw e en "unlub ri ca ted" and lub ricate d" conditions. 
These films can often provide some 
Thus, it is preferable to recognize the continuous grada- 
A different type of distinction should be added, namely, that between 
a "coolant" and a "liquid lubricant". 
desirable because a coolant can be useful for conducting away the heat in a n  
From a research standpoint, this is 
10 
flunlubricatedt'  experiment. 
the obviously urjcful function of heat conduction in extremely high temperature 
applications. An example of a useful application of "coolants" is that of heli- 
copter transmission systems. 
From a practical standpoint, a coolant se rves  
The Group turned its attention next to the utility of mathematical 
models of wear. 
lating wear to experimental conditions and to mater ia l  properties. 
the simplest of these is the linear equation due to Archard: 
Several equations have been developed in the past for  r e -  
Perhaps 
V w - =  K- 
L 3H 
where V is the volume of wear,  L is the distance of sliding, W is the load, 
H is the hardness of the softer of the two mater ia ls  in contact, and K is a 
constant of proportionality. This equation (referred to hereinafter as the 
K-equation) applies only for very limited conditions, e. g. , mild adhesive 
wear where the wear particles do not act  as an abrasive leading to cata- 
strophic wear. 
thermore, the constant K must  be determined by experiment and cannot yet 
be developed from first principles. 
that a given encounter will lead to a wear particle; alternatively, it  can be 
considered as the fraction of total number of encounters a given asperity 
Chemical effects are  not inherent in this equation. Fu r -  
K is usually interpreted as a probability 
must undergo before it forms a wear particle. The equation is useful for  
interpolation but not for prediction of wear under new conditions o r  for new - 
1 1  
material combinations. 
C. N. Rowels modified K-equation has the form 
- 
( 1  4- pf2)1’2 
v W - -  - K m @  - 
L Pm 
where K, is a new w e a r  coefficient, Pm is flow pressure,  f is the coefficient 
of friction, and cr and j3 a r e  constants f o r  a given set  of materials and con- 
ditions. This equation allows the introduction of additional mater ia l  proper- 
ties; but a t  the expense of introducing some nonlinearity. 
lubricant is included in the (Y term. 
lurgical pkoperties and fracture mechanics and Pm can be modified so  as 
to include strain-hardening effects, the iatter probably being very important 
in the relative wear properties of different materials.  
little argument with the opinion that wear is frequently only a form of f r ac -  
ture and that new insight into wear  mechanisms will probably come through 
the application of f racture  mechanics. Rowels modified K-equation appears 
to be a good starting point for work in this area.  
the Group is that future investigators devote attention to clarifying the nature 
of Km (i. e. , include fracture mechanics and attempt a derivation f rom first 
principles) and also Pm (i. e. , include strain-hardening). Even in Rowels 
modified form,  it is important to note again that one should not use the K- 
equation outside of the mild wear regime. Also, investigators who do use 
the equation should report  the boundary conditions or limits of use for their 
experiments. 
The effect of the 
K m  can be interpreted to include metal- 
Also, there can be 
*, 
The recommendation of 
-
1 2  
Other rxiodala of wear have been proposed and these deserve eval- 
uation by other working groups and investigators. 
suggested by Rabinowicz, by Kragelski, and by the research  group at IBM. 
@here possible, the equations associated with these models should be applied 
to newly-generated data and the degree of f i t  reported. 
These a r e  the models 
I 
! 
While equations of the type just  discussed a r e  useful in relating wear  
to material  properties,  it  is apparent that to learn more  about the mechan- 
i sms  of wear it is necessary to adopt a l so  an atomistic, or  at least  a micro-  
Gcopic, approach. 
1 
Recent work in the physics and chemistry of wear has 
confirmed that wear on an atomistic scale can be observed. By this is 
meant the transfer of material as atoms from one surface to another. 
Nishikawa has used field-ion microscopy to measure transfer of tungsten 
to aluminum in a tungsten-aluminum mechanical contact in vacuum. More 
recently, Buckley has brought copper into contact with single-crystal nickel 
under light load in vacuum and has observed transfer of copper to the nickel. 
k e  has used low-energy electron diffraction (LEED) techniques and has 
observed that the copper shows up a t  interstitial si tes in the nickel lattice. 
Further  studies of this type should be pursued regardless of any difficulty 
in applying the results immediately to practical wear problems. 
In the same category a r e  sliding experiments on single crystals. 
Such studies illustrate the fact  that deformation and plastic flow can occur 
a t  distances far  removed from the apparent a rea  of contact and also that 
different friction and deformation results can be obtained when sliding in 
13 
different directions on a given single cry$tal  face. These effects are 
I 
obscured in a polycrystalline mater ia l  and modified by the presence of 
gra in  boundaries; but there  is no reason to believe that the s a m e  p rocesses  
do not 'take place a l so  within individual grains.  
c rys ta l  studies that f r ic t ion measurements  themselves can serve as good 
ihdicators of the presence o r  lack of surface films. 
Courtel has found in single 
The study of f r ac tu re  and adhesion as an approach to the mechanism 
of wear  has a l ready been mentioned. 
utilizing the resu l t s  of Milner and Rowe as supporting evidence. 
Keller is pursuing this line and is 
i 
An important fact  to bear  in mind is that solid-to-solid Contact is 
not needed for  wear  to occur. Since force can be t ransmit ted through a 
fluid lubricant,  i t  is necessary  only that such force  have a directional com- 
ponent which wi l l  resu l t  in f rac ture  and detachment of wear  par t ic les .  
There is ample evidence for  this extending f rom ambient p r e s s u r e s  of 10-5 
t o r r  to full hydrodynamic lubrication. It appears  that metal- to-metal  con- 
tact may have been overemphasized in  wear  investigations in the past. 
The Group felt  that severa l  recommendations could be made (in 
addition to those already mentioned) to help guide future wear  investigations 
and make the resul ts  m o r e  generally applicable. 
tions is to specify the heat flow conditions for the experimental  configura- 
tion used in a given study. Heat dissipation is of ex t reme importance. 
Discrepancies in a recent  round-robin wear  study using the same tes t  
mater ia l s  were  attr ibuted ultimately to different heat flow conditions in the 
One of these recommenda-  
14 
Stirfacc- r o u ~ l i n t ~ s s  mid c .onipot i t t ion  should a.leo bc3 specified even 
though thc difficulty of always doing this is recognized, particularly with 
respec t  to composition. 
and after an  experimental  run; but the engineering purpose must a l so  be 
kept in mind. 
smooth surfaces  a r e  more  important thah for  other applications. 
It is desirable  to measu re  roughness both before 
F o r  some applications, e. g. , precision ball  bearings,  
In a broader  sense,  there  is a pr ime need for  complete control of 
parameters  and conditions as well as the specification of these in experi-  
mental wear  studies. F o r  example, the atmosphere,  mois ture  content, 
temperature  conditions, and - this is very important - how these pa ram-  
e t e r s  were  measured  should always be specified. 
disciplinary deficiencies in wear  studies i s  incomplete characterization. 
A classic  example of this is i l lustrated by the different ways in which r e -  
s e a r c h e r s  view the same experiment. 
in grea t  detail the composition and s t ruc ture  of his oil; but when asked 
about the metal  used he may answer:  
metal lurgis t ,  on the other hand, knows precisely what kind of metal  o r  
alloy he isusing; but when asked about the lubricant he is liable to say: 
"i t  came out of this bottle". 
One of the biggest in te r -  
The lubricant investigator knows 
" i t ' s  some kind of steel". The 
Obviously, such situations need correcting. 
In connection with experimental  control, i t  is a l so  recommended that 
the mechanical stability of instruments  be specified, i. e . ,  resonant f r e -  
quencies, tolerances,  etc. It is  a known fact  that even wear  machines 
15  
we:at- o u t  and that (~xpt~r i rnenta l  results m a y  be dependent on the s ta te  of 
dett:rior;-\tion of the t c a r ; t  app;rralus. 
Tlw Grt )up  ft*It  tkitl c'aution s11o1i!d Iw c-st..rcisead in the USP oi 
standardized wear  t e s t s ,  particularly for r e s e a r c h  purposes. While use- 
ful for acceptance tes t s  and for  screening mater ia l s ,  there  is a danger in 
placing undue emphasis on standard tests' when there  is a m o r e  urgent need 
fo r  c r i t i ca l  experiments to  answer specific questions. The rapid p rogres s  
made in  experimental  techniques during the past  few yea r s  has  opened up 
the spectrum of approaches available to the r e sea rche r .  
the s t e reo  scanning electron microscope has provided exciting new infor- 
mation in  othchr fields,  such as composites,  and the use  of this technique 
in wear  studies is to be encouraged. 
F o r  example, 
As the investigations of friction and wear  p rogres s ,  new facets  a r e  
continually uncovered. 
1;angential) in sliding friction and wear  may be important,  independent of 
instrumentation (work of Rocard). This may be especially significant in 
frett ing,  a subject which w a s  not covered in the discussions of this Group, 
hut which was felt  nevertheless to be of general  importance. 
Relaxation and vibration effects (both normal  and 
$ 
BOUNDARY LUBRICATION AND W E A R  
Edi tors '  Note: This r epor t  f rom Working 
Group I11 was t ransmit ted by E. E. Klaus,  
Group Leader .  Other members  of the Group 
were  G. P. Allen, W. J. Anderson, D. Godfrey, 
W .  R. Jones,  J. Maltz, C. A. Moyer,  R. S. 
Owens,D. Ramadanoff, J. B. Rittenhouse, 
H. M. Schiefer,  and R. B. Waterhouse. 
The agenda included the following i tems: 
1 .  Definition of I 'b ounda r y  lub r i ca t i  on' I .  
2. Transit ion f rom elastohydrodynamic lubrication to boundary 
lubrication. 
3.  Physics  and chemis t ry  of boundary lubrication. 
4. Classification of wear ;  wea r  behavior. 
5. Physics  and chemis t ry  of wear .  
6 .  Effect of environment (such as oxygen, mois ture ,  etc) on 
boundary lubrication and wear .  
7. Elec t r ica l  res i s tance  measurement  in boundary lubrication. 
The interdiscipl inary nature  of this Group is indicated by the seven 
disciplines (chemis t ry ,  chemical engineering, e lec t r ica l  engineering, 
ma te r i a l s  engineering, mechanical engineering, metal lurgy,  physics) 
represented.  It was  general ly  agreed  that chemis t ry  in the fo rm of 
16 
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chemical reactions between the bearing durface and components of the 
lubricant and /o r  a tmosphere plays an important role in boundary lubrica- 
tion and moat forms of wear. 
A definition of boundary lubrication w a s  derived f rom a discussion 
of present  as well as classical  r e s e a r c h  in the field. Boundary lubrication 
is the condition where the nature  of the sliding interface influences friction 
and wear.  
gory of boundary lubrication. 
elastohydrodynamic region as shown in figure 1 is covered by this definition. 
This definition places "mixed lubrication" in the general  cate- 
That is, all of the Z N / P  curve to the left of the 
There  w a s  considerable discussion of the continuous nature  of the 
phenomena studied in lubrication and the discontinuous nature  of definitions. 
This probably resul ts  f rom the empir ical  approach to lubrication f rom the 
scvera l  disciplines involved. Examples of empir ical  boundaries that do not 
exist  as d iscre te  locations on the Z N / P  curve a r e  hydrodynamic to EHD and 
mixed lubrication to c lassical  boundary ldbrication. Another example is 
micros l ip  and sliding. 
appropriate point in t ime, i t  makes little difference what you call  it. These 
a r e  the general  problems associated with the maturation of a technical field 
in the change f rom empir ical  to theoretical  o r  macroscopic  to microscopic  
conside rations. 
In this case ,  to a molecule on the surface a t  an  
Wear  classification w a s  considered f rom severa l  viewpoints. 
there appear to be three fundamental p rocesses  involved in wea r  (mechani- 
cal ,  thermal ,  and chemical). Another way of classifying wear  forms  is 
shown in table 1. 
First, 
ELASTO- 
HY D R O D ~ ~ A ~ ~  C 
I I 
f 
I \ 
t 
1 EOUNDARY 
I 
I 
I D 
I I 
ZN/ P 
F igure  1. - Effect of viscosity on the coefficient of friction. f = coefficient 
of friction, N = rotational speed, 2 = effective viscosity, P = unit projected 
load. 
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Table I .  - -  Wear Classification by Fundamental P rocesses  Involved 
W c a r  classification Fufidamental p r oce s s involved 
Corrosive 
Evaporative 
Adhesive 
Ab ra s ive 
Eros ive  
Fatigue 
Chemical 
Thermal  
Mechanical (modified by chemical) 
Mechanical (modified by chemical) 
Mechanical (modified by chemical) 
Mechanical (modified by chemical) 
The definition of erosion (erosive wear )  by this Group differs f rom 
.that of the OECD definition in one important detail. The OECD definition 
indicates that ”eros ive  wear  is loss of mater ia l  f rom a solid surface due 
to relative motion in contact with a fluid which contains solid par t ic les” .  
This Group feels the definition should end af ter  the word “flnSd”! 
tion would then fit erosion as used by this Group in describing cavitation. 
T-hi+-&eiiini- 
Cavitation, frett ing,  and electr ical  discharge were  where other w e a r  
f o r m s  considered to be mixtures  of the fundamental c lasses  in table 1. 
Fret t ing contains the aspects  of both adhesion and fatigue. Some 
recent  work reported by Waterhouse involves frett ing studies with electro-  
lytes a s  lubricants. 
mildly corrosive lubricants.  
with mildly corrosive action to reduce fretting. 
Frett ing can be controlled in these studies by providing 
Godfrey a l so  reported on the use  of additives 
Cavitation involves both fatigue and erosion as fundamental wear  
forms. 
tion damage. 
Chemical corrosion a l so  appears  to play a role in some types of cavita- 
Cavitation is caused by a sudden reduction in p r e s s u r e  in 
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the liquid phase. 
to 
the course of the fluid flow process the bubble implodes., 
planation is that the damaging shock wave is created by a liquid jet set up 
by the collapse of the bubble. This eneygy source can also supply the heat 
necessary for a chemical corrosion reaction as well as the eroding force to 
wipe a boundary film off of the solid surface. Replacing gas solubility with 
a volatile liquid component like water or its equivalent in an organic liquid 
reduces the damaging effect of the cavitdtion. 
volatility of the volatile component, the less damaging the cavitation. The 
relative importance of this phenomenan in affecting boundary lubrication is yet 
to be demonstrated. 
This removes soluble gas or vaporizes volatile components 
When the pressure is again increased in form a low pressure gas bubble. 
One current ex- 
In general, the lower the 
Particulate debris plays a role in most cases of wear. The size and 
shape as well as the physical and chemical properties determine the role these 
particles will pgay in further wear under boundary or EHD conditions. 
spherical particles with little tendency to adhere to the bearing surface may 
result in little wear even in cases where the particde diameter exceeds 
minimum clearance for the boundary film. 
Generally, 
The chemistry of boundary lubrication was discussed in some detail. 
Reaction rate and its relation to wear and boundary lubrication were  discussed. 
The majority felt that the optimum rate of reaction is controlled by the 
severityof the interfacial loading conditions. 
Some m e m b e r s  of the Group fe l t  that the thickness of the boundary film 
resulting from the reaction ratelrather than the rate itself>should be con- 
sidered the important factor. 
Three factors were considered in the discussion of reaction rate 
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in  boundary lubrication. One was  the possibility that the clean metal su r face  
formed under a lubricant is acting as a Catalyst to provide for  chemical 
reactions with a lowering of the activation energy. A second possibility 
is the increased temperature  at the bearing surface due to frictional heat- 
ing which could provide for a relatively high reaction rate.  The third 
possibility is the increased  reaction rate resulting f rom the high local  
temperature  combined with a l a rge  reactive surface a r e a  provided by 
continuing interfacial  wear .  
by the Group. 
I 
1 
The third possibility appeared to be favored 
The effectiveness of oxygen and water  as lubricity additives w a s  
i l lustrated with the data on figure 2. 
In this discussion i t  was s t r e s s e d  by numerous examples including 
0 2 ,  H20, acid phosphites, organic acids ,  and other corrosive lubricity 
additives that an  optimum concentration would produce minimum w e a r  f o r  
a given s e t  of conditions. 
produce the minimum corrosion r a t e  to prevent seizure.  
The optimum may be the minimum additive to 
Data f rom many forms of analysis of surface films on insoluble 
mater ia l  formation in boundary lubrication experiments show the presence 
of insoluble ma te r i a l  formed by the environment typical of boundary con- 
ditions. 
mater ia l s  produced vary  considerably with lubricant,  additive package, 
metal  surface,  a tmosphere,  and tes t  conditions. In some cases  "friction 
polymer" produced appears  to aid the lubrication of the bearing. In other 
There appears  to be enough data to suggest that the specific 
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F igure 2. - E f f e c t  o f  d i sso l ved  oxygen on the wear behavior of a 
minera l  oil. Tests conducted i n  a S h e l l  4 - b a l l  wear t e s t e r  i n  
which the atmosphere above the t e s t  f l u i d  can be c o n t r o l l e d  a t  
t e s t  temperatures ind icated.  The t e s t  f l u i d  was a super-ref ined 
p a r a f f i n i c  n e u t r a l  (MLO 7470). 
appear8 to the Group that the differcwt nature of the debr i s  may  be responsible 
for the apparent difference in effectiveness of such mater ia l  in boundary 
lubrication. 
The use  of e lec t r ica l  res is tance measurement  techniques in boundary 
lubrication was  discussed. This technique has been used egfectively to 
separa te  EHD f rom the boundary condition. The use  of such techniques to 
categorize boundary lubrication in  a quantitative manner  appears  to this 
Group to be an overextension of the present  capabilities. 
In summary ,  the Group is convinced that chemical reaction does 
play a broad and important role  in boundary lubrication and mos t  fo rms  
of wear.  In all of the a r e a s  covered by the discussion, fur ther  work of a 
..- 
mechanistic nature could be undertaken with good prospects for  advancing 
lubrication theory. 
AEROSPACE LUBRICATION 
E. C. McKannan 
National Aeronautics and Space Administration 
Marshal l  Space Flight Center 
Huntsville, Alabama 
Editors '  Note: This repor t  f rom Working 
Group IV w a s  t ransmit ted by E. C. McKannan, 
Group Leader.  Other members  of the Group 
were  A. J. Babecki, W. A. Brainard,  D. E. 
Brewe, W. F. Hady, D. V. Keller,  J. S. 
Przybyszewski, E. A. Saibel, J. J. Sherlock, 
W. H. Te imer ,  and R. G. Wilmoth. 
The Group w a s  asked to consider the following items: 
1. Definition of a "clean surface". 
2. How to obtain a clean surface; how to verify the cleanliness? 
3.  Application of modern instrumental  techniques to the in-situ 
observation of surface interactions in high vacuum. 
4. Role of the lubricant and i t s  effect on adhesion, friction, and 
wear  in high vacuum. 
5. Mate rials compadibility. 
6 .  Design and lubrication considerations for  mechanical com- 
ponents for  high-vacuum serv ice  such as bear ings,  g e a r s ,  
and seals .  
However, in view of the l imited t ime available, the Group decided to focus 
its attention on practical  aspects  of lubrication in the space environment. 
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2 5  
E=mph.rr i i~  Wi1w plac~wl on the  effects of th t .  vacuum parameter: 
of hoat t,ransl't*r to c:oncluc.tion, only, with tht\ implication that heat generation 
must  bc! minimized, and (b) the volatilization, evaporation, sublimation, de- 
sorption, and outgassing of mater ia l s  with the implication that low molecular  
(a) limitation 
weight mater ia l s ,  such as lubricating oils,  often cannot be used. 
Clean Surfaces 
-~ 
It w a s  decided that a more  prec ise  definition of an  absolutely 
(atomically) clean surface w a s  not necessary  for the remainder  of the dis- 
cussion and probably not attainable in the t ime available. Therefore ,  the 
definition given in the San Antonio Symposium w a s  accepted: 
"A clean surface is an  abrupt termination of the 
bulk c rys ta l  lat t ice with a reorientation of atoms 
shifting the unit cell. All foreign atoms such as 
oxides o r  adsorbed gases  a r e  excluded leaving 
unsaturated bonds on the sur face  atoms. I t  
However, i t  w a s  decided that we  should be concerned with clean surfaces  
f rom the engineering standpoint, o r  surfaces  which a r e  chemically cleaned 
relative to the intended commercial  application. 
on the information that actual spacecraf t  have "dirty" surfaces  and gaseous 
This decision w a s  based 
environment with a p res su re  g rea t e r  than the ambient p r e s s u r e  of their  
position in space. 
taminant may re -adsorb  on a surface in 
mind, spacecraf t  lubrication engineers have the same  in te res t  in atomically 
clean surfaces  as all other lubrication engineers: 
Also, i t  was indicated that a typical monolayer of con- 
torr-seconds.  With this in 
i. e.  , for the theoretical  
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understanding of adhesion mechanisms.  
appear  to bc the vital problem it was once thought to be. 
Cold welding in space does not 
At this point we were  reminded that a surface does not even have to 
be expstscd to high vacuum to attain adhebion to another surface.  In a ro l l  
bonding study made in air at  room temperature,Milner and Rowe* attained 
adhesion equal to 10070 of the bulk strength in aluminum by compression 
rolling two sandwiched sheets  together causing the oxides to diffuse into 
the bulk. No adhesive bond was attained until 4070 deformation was reached. 
With increasing deformation the shear  strength of the adhesive bond rapidly 
approached the bulk strength of the aluminum. 
bearing sur faces  may well reach  these la rge  deformations. 
Individual asper i t ies  on 
Returning for  a moment  to atomically clean sur faces ,  the Group 
felt somewhat obliged to r eac t  to the question of how to obtain atomically 
clean surfaces  in the laboratory.  In contradiction to s ta tements  made in 
the San Antonio Symposium, it is possible though difficult and tedious to 
attain atomically clean surfaces  in  the laboratory.  Several  r e s e a r c h e r s  
have employed a sequence of chemical cleaning, degassing by vacuum 
bake-out, ion bombardment with spectrographically pure argon, and r e -  
annealing to get  the surface back to the initial metal lurgical  condition. 
This has  been done on pure ma te r i a l s  taking g rea t  ca re  to eliminate im- 
purit ies in the bulk of the ma te r i a l  and on other sur faces  in the vacuum 
chamber. Whether o r  not atomically clean surfaces  can be obtained on 
engineering alloys is still questionable. 
*< B ri t ish Welding Journal 
27 
Extending this line of 
an  atomically clean surface,  
thought to that of measuring o r  character iz ing 
two methods were  discussed. The first, com- 
bining LEED to indicate latt ice s t ructure  with Auger spectroscopy to m e a s u r e  
the composition is being used. The second, combining a laser beam to de- 
so rb  surface ma te r i a l  and mass spectrometry to measu re  the composition 
'is suggested. 
could not he  used to indicate the level of cleanliness because the correspond- 
ing "surface -tension" propert ies  of the various surface contaminants have 
not been defined. 
It w a s  emphasized that so ica l led  sur face  tension measurements  
Returning to clean surfaces  f rom the engineering point of view, the 
Group expressed a g rea t  need for fur ther  r e s e a r c h  in the measurement  of 
burface wetting. 
and coating with oils o r  DFL ' s .  
propert ies  with wetting were  considered. Work function (possibly using 
the contact potential) o r  a coefficient of friction measurement  were  con- 
s idered to be mos t  amenable to packaging for  u s e  in the field; of course,  
surface finish would a l so  have to be involved. 
defects (micro-cracks) ,  in addition to being involved in  the Rehbinder 
hardness change, may affect surface wetting. 
vestigated carefully. 
rclated to wetting for a specific surface and wetting agent. 
Corn p a t i h il it y 
This has applicability to brazing, soldering, painting, 
The possible correlation of severa l  
It was noted that surface 
This too needs to  be in- 
Cleanliness f rom an  engineering standpoint can be 
Compatibility of bearing mater ia l s  f o r  u se  in vacuum w a s  considered 
the material in i t s  function as a bestring, or  which  would  contaminate adjacent 
$tir%acf*i, and (b)  mater ia l  combinations for  use on unlubricated contacting 
surfaces .  
An example of the la t te r  case  w a s  a leaded-phosphor bronze r ide r  
on a 4340 s tee l  cam which could not be lubricated for  f ea r  of contaminating 
adjacent optics. 
hardness a r e  sought to eliminate galling ( o r  adhesion) in unlubricated con- 
tact .  The use  of sulfur-containing, free-machining s tee ls  was suggested 
16 a source of sulfur for  lubrication in the same  manner  as teflon-bronze 
compositions (DU) o r  oil-filled bronze (oilite). 
Other combinations of both d iss imi la r  composition and 
In a discussion of reinforced teflon bearing ma te r i a l s ,  problems 
with strength and exposed g lass  were  examined. 
high-strength graphite filaments ( thermal)  should be investigated a s  a r e -  
placement for  the glass  fi lament in these applications. 
It was suggested that 
In the discussion on wear  r a t e s  of graphitic sea ls  and bearings in 
the cryogenic liquids, i t  was observed that wear  ra tes  increase  when going 
from LOX, to LHz, to L N 2  without good explanations. It w a s  suggested 
that a t  these temperatures  the wear  p rocess  could be dominated by ad-  
sorption kinetics and that the work of C. N. Rowe on heats of adsorption 
should be applicable.. 
W ear-In 
The pract ice  of wear - in  was  examined with emphasis  on s ta t is t ical  
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f a i lu re  analysis ,  reliability prediction, and elimination of spor t s  o r  infant 
mortal i ty  components, and reducing the coefficient of friction. Other 
reasons for wear- in  included: (a) srnoath b u r r s  and roughness, fb)  work 
harden the sur face ,  (c) s e t  tolerances,  (d) glaze D F L  sur face ,  (e) clean 
out initial wea r  debr i s ,  and ( f )  check on wear  pat terns .  
No recommendation for  changing these prac t ices  was made. 
Elec t r ica l  Field Effects 
It was recommended that the use  of e lectr ical  fields to selectively 
polarize bearing surfaces  for  control of the lubrication and wear  processes  
ought to be re-examined. This was considered in light of the information 
that spacecraf t  c a r r y  a high electrostat ic  charge,  of repor t s  of cathodic 
wear  in brush-sl ip  ring application, and of repor t s  of damage to a i r c ra f t  
engine bearings attr ibuted to e lectrostat ic  discharges a c r o s s  dielectr ic  
lubricating films. Variations in both meta l  surfaces  and lubricants should 
be investigated with a view to increasing the reaction of polar mater ia l s  
€or boundary lubrication. Fu r the rmore ,  conductive fluids should be in- 
vestigated for generating separating forces  on bearing sur faces  by means 
of magnetohydrodynamic lubrication. 
Conclusions 
It is obvious that while focusing on a single environmental problem, ? 
this interdisciplinary Group ranged in thinking f rom fundamental mechan- 
isms, laboratory experiments ,  measurement  of process  var iables ,  selection 
of improved bearing ma te r i a l ,  and application of new effects. In summary ,  
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2. 
o u r  recommendations for  fur ther  study involve: 
1. Wetting phenomena in pract ical  applications: 
a, Field measurements ,  
b. Correlations with use conditions. 
Cryogenic adsorption kinetics for  a n  explanation of the 
behavior of carbon sea l s  and bearings in cryogenic fluids. 
Graphite fi lament reinforcement replacing g l a s s  fi laments 
in bearing components. 
E lec t r ic  field effects on bearings to separate  surfaces  and 
to reduce wear .  
h 
3. 
4. 
LUBRICATIQN, FRICTION, AND WEAR 
UNDER GROSS PLASTIC DEFORMATION 
M, 6. Shaw 
Carnegie-Mellon University 
Pit tsburgh E Pennsylvania 
Edi tors '  Note: This repor t  f rom Working 
Group V was t ransmit ted by Ma C. Shaw, 
Group Leader.  Other m e m b e r s  of the Croup 
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Male,  C, H. Savage, H, E, Sliney, Ma A. 
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The assignment  of Group V was to probe the general  a r e a  of lubri-  
cation, friction, and wear  under g r o s s  plastic deformation. This was  to 
include the following i tems: 
1. Fr ic t ion  and wear  behavior under g r o s s  plastic deformation 
versus  the normal  range of asper i ty  interaction. 
2.  Role of lubrication. 
3.  Modern instrumentation techniques f o r  the measurement  and 
observation of friction and wear  phenomena in the g r o s s  plast ic  
range. 
4. Design and lubrication considerations in metalworking 
I 
processes  such as abrasion,  extrusion, cutting, etc. 
3 1  
2.: : 
Identification of Area of In te res t  
For many years the  f i e l d  of lubrication has been c lass i f ied  as follows: 
1. Hydrodynamic lubrication (complete separation of s l id ing  
surfaces by l iquid f i l m ) .  
2, 
physically adsorbed f i l m ) .  
3. 
by chemically attached layer).  
4. Sliding of clean surfaces. 
More recently elastohydrodynamic lubrication has been added t o  t h i s  
Elastohydrodynamic lubrication is t o  be distinguished f rom ordinary 
Boundary lubrication (separation of  s l id ing  surfaces by , 
Extreme boundary lubrication (separation of s l id ing  surfaces 
list. 
hydrodynamic lubricat ion i n  tha t  
1. 
2, 
viscosi ty  of the lubricant i s  influenced. 
The foregoing mode of c lass i f ica t ion  concerns the  character of t he  
The surfaces deform and change t h e i r  geometry under load. 
The pressure developed i n  the  bearing is so high that the  
separating lubricant and the  macroscopic geometry of the load supporting 
surfaces. 
In order t o  highlight the  subject t o  be discussed h e r e , i t  is useful 
t o  classify load supporting surfaces somewhat different ly  as follows: 
1. 
lubrication).  
2. 
3. 
4. 
Items 2 t o  4 are associated with boundary lubrication. 
Surfaces t h a t  are uniformly loaded on a microscale (hydrodynamic 
Surfaces with a spe r i t i e s  i n  e las t ic  contact. 
Surfaces with asper i t ies  i n  independent p l a s t i c  contact. 
Surfaces with interact ing a spe r i t i e s  i n  p l a s t i c  contact. 
3 3  
Most of the  research on f r i c t i o n  andwear i n  the past  has been done 
I 
on l i g h t l y  loaded s l i d e r s  which perform &der conditions 2 and 3, 
howsver,many prac t ica l  applications which involve heavily loaded sl iders 
operating under condition 4 .  
There a re ,  
Archard's theory of wear (ref.  1) for lightly loaded s l ide r s  resu l t s  in 
the following equation 
v 
L - = KAR 
where V = volume worn away, 
L = length of s l i d ing  contact,  
K = a constant f o r  a given pa i r  of metals,. geometry,and 
lubricat ion s i tuat ion,  and 
AR = the  real area of  contact as distinguished from the 
apparent area, A .  
This equation indicates  t h a t  wear rate is independent of the  apparent area 
of  contact. 
Burwell and Strang (ref .  2) presented wear  data for a stationary hemispher-  
ical  pin rubbing on a rotating d isc  that was in agreement  with equation 1 up to a 
par t icu lar  value of un i t  load, . If 
where P = load on sl ider,  and 
H = hardness of p in ,  
then  from equations 1 and 2 
- - -  v K  
LP H 
P 
LP A 
When Burwell and Strang plotted against  -, as 
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in f igure 1, the curve wabt a horissntdJ atraight  l ine to a 
value of P / A  = H/3. Equation " 3  is for lightly loaded sliders 
K 
H 
(conditions 2 and 3 above) for which - w i l l  be a constant and hence 
w i l l  be constant as long as the hemispherical s l i d e r  is l i gh t ly  loaded. 
When - reaches the value H/3,the wear r a t e ,  -, rises abruptly. 
i s  due t o  the fact t h a t  t he  uniaxial bulk flow stress of the  material beneath 
H the  sphere,  y ,  corresponds closely t o  tind the  onset of p l a s t i c  flow beneath 
a spherical indenter occurs at  a mean s t r e s s ,  -, of about 1.1.~. 
'Lp 
P v 
A LP This 
P 
A Thus, when ' p l a s t i c  flow beneath the surface commences. This i n  turn causes the x'5 
real area of contact t o  become more uniformly d is t r ibu ted  and the  individual 
asper i t ies  t o  interact ,  which causes an i n c r e a s e i n  the flow s t r e s s  due t o  
the  size ef fec t .  
t o  an increase i n  the wear rate, since from equation 1, - w i l l  increase 
rapidly, a t  constant P, i f  AR increases. 
more subsurface flow occurs (until  '4: = H), and thus AR w i l l  increase at  an 
The rea l  area of contact then increases and this gives r i s e  
V 
LP 
As is  fur ther  increased more and 
P 
increase rate with P/A beginning a t  the  point where P/A is about equal t o  H / 3 .  
The Burwell and Strang experiment is probably the best known example of 
behavior under gross p l a s t i c  flow (condition 4).  
A l i g h t l y  loaded sl ider may now be defined as one f o r  which P/A < H / 3  
where H is the  hardness of the  so f t e r  member of the s l id ing  pa i r .  
Shaw (ref. 3) has indicated the transition from independent asperity behavior 
t o  complete interact ion by figure 2. 
beneath asper i t ies .  
in te rac t  and the e n t i r e  subsurface becomes p l a s t i c .  
increases more rapidly with P when t h i s  occurs. 
i n  t h e  Burwe11 and Strang experiment. 
The circles mark the p l a s t i c  regions 
When the load becomes high enough,the p l a s t i c  zones 
The r e a l  area of contact 
This corresponds t o  P/A = H / 3  
Amonton's Law (coefficient of f r i c t ion  independent of P) holds f o r  
/ l i gh t ly  loaded s l ide r s  but not f o r  heavily loaded ones, since % is  then no 
PIN 
I 
Figure 1 .  -Wear  character is t ics  for  s tee l  
hemisphere sliding on hard s tee l  disc  using 
a n  ine r t  fluid lubricant (Burwell and Strang, 
ref. 2). 
Figure 2. - Plane s l ider  under progressively 
increasing load P. 
lower surface is soft (Shaw, ref.  3). 
Upper surface is hard,  
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longer equal t o  P/H a s  indicated i n  equation 2 which only holds for  
l i g h t l y  loaded s l iders .  
Figure 3 shows oxperimental data f o r  heavily loaded sliders where the  
In this plo t  t he  shear stress, 'IC, en t i r e  subsurftux is flowing plas t ica l ly .  
on the s l i d e r  i s  shown plot ted against the normal stress, a 
i n  terms of the apparent area of contact,A). 
[both measured 
The coeff ic ient  of f r i c t i o n  is 
5 and t h i s  is seen t o  decrease with increased load (increased u) f o r  points 
(J 
beyond A. 
heavily loaded s l ide r s .  
From t h i s  p lo t  it is  clear that Amonton's law does not hold for  
Figure 4 in te rpre ts  f igure 3 i n  terms of the value of + r e l a t ive  t o  
In  region I, % << A and A,  
asper i t ies  act independently. 
s l i de r .  
Here three regimes of s l id ing  are ident i f ied.  
This is the regime of the  l i gh t ly  loaded 
In region 11, A < A, the asper i t ies  are interact ing and the e n t i r e  R 
subsurface is p la s t i c .  Region I11 is the hypothetical case where 4( = A. 
This would correspond t o  the 45' shear plane fo r  a simple compression specimen 
before fracture.  
independent of the normal stress on t h i s  plane and hence the r vs. 0- line is 
horizontal. 
For t h i s  s i t ua t ion  the flow stress r on the 45' plane is 
In region I11 the curve has been drawn t o  connect t he  s t r a igh t  l i n e  
characteristic corresponding t o  Amonton's law i n  region I with the  horizontal 
l i n e  of region 111. 
shape of the curve drawn i n  figure 4. 
The experimental data of figure 3 substantiates the 
Wil l iamson (ref. 5)has obtained results that indicate the transition from 
regions I t o  11. 
i n  a steel container and loaded by a polished f l a t  piston t h a t  closely f i t t e d  
the steel container. 
but d i d  not disappear. 
An aluminum specimen with bead-blasted surface was encased 
As load was applied the  surface asper i t ies  were f la t tened 
Figure 5a shows the change i n  the number of plateaus 
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Figure 3 .  - Variation of r with (3- for  1/2-in, 
dia. Brinel l  ball tes ted in torsion against  
mi ld  steel specimen. 
of central  hole beneath sphere.  Point A is 
for  subplastic load (Shaw, Ber ,  and Manin, 
ref. 4). 
Diameter d is s ize  
F igure  4. - Three regimes of surface contact 
(Shaw, ref. 4). 
3 8  
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Figure  5. - Behavior of contacting sur faces  under very  
high p r e s s u r e  (Williamson, ref. 5). 
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with  load. 
constant with fur ther  increase i n  load. 
area of contact with load and t h i s  curve is  seen t o  have a knee at  about the  
same load as tha t  where the previous one ceased t o  rise. Figure Sc shows 
the var ia t ion i n  separation of two surfaces versus load. Again, there  is an 
abrupt change i n  t he  slope of  t h i s  curve a t  a load of about 900 pounds which 
corresponds t o  the  force required f o r  bulk p l a s t i c  flow of the specimen. 
A t  first the  number increase& l inear ly  with load and then remains 
Figure 5b shows the var ia t ion  i n  
I t  therefore appears as though t h i  abrupt change i n  behavior i n  curves 
Sa, b, and c corresponds t o  a t rans i t ion  from the  action of region I t o  t ha t  
of region 11. 
load (Amonton's law) and the  surfaces come rapidly together. 
the rate of increase i n  real area with load decreases as the  surfaces approach 
each other,  
In region I the  real area of contact increases l inear ly  with 
In region I1 
I t  appears apparent t ha t  d i f fe ren t  rules of behavior per ta in  f o r  
heavily loaded s l ide r s  than f o r  l i gh t ly  loaded s l ide r s ,  j u s t  as different  
rules  of behavior per ta in  t o  elastohydrodynamic bearings as f o r  ordinary 
hydrodynamic bearings. 
We might dist inguish behavior for  region I1 type s l id ing  from tha t  of 
l i gh t ly  loaded s l i d e r s  (region I) by referr ing t o  the former as s l id ing  under 
f u l l y  p l a s t i c  sapport (FPS),uhereas the latter would correspond t o  s l id ing  
under independent asper i ty  support ( 1 s ) .  
An example might be c i ted  a t  t h i s  point t o  stress the importance of 
recognizing the onset of s l id ing  under conditions involving gross subsurface 
flow. When metal i s  cut a wear land, w, develops gradually on the  clearance 
face of t h e  too l  (fig. 6a). 
against time,a curve such as tha t  of f igure 6b r e su l t s .  
If the  s ize  of t h e  wear land, w, is  plot ted 
This curve has a 
I 
I 
Figure 6 .  - Development of wear  land on meta l  cutting tool. 
c 
0 
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rapid rise a t  the beginning and a t  the  end of tool  l i f e ,  with a more gradual 
rate of wear in between. 
P 
A 
large and greater than Thus a t  t h e  
outset  s l id ing  on the  tool f lank is  under conditions of gross p l a s t i c  flow 
For the  freshly sharpened too1,w w i l l  be very small and - w i l l  be 
where H is the  hardness of the’bork’! 
and t h e  wear rate w i l l  be high. 
After a time,K < P and s l id ing  on the tool  flank corresponds t o  tha t  3’ 
of a l i gh t ly  loaded s l i d e r  and the  tool wear rate is  low (A t o  B i n f i g .  6b). 
As w increases, t he  temperature w i l l  rise (as & f o r  a given load P), as w i l l  
t h e  load, P . Thus, H w i l l  decrease due t o  the temperature rise and r w i l l  
increase if  P increases more rapidly than A (A = wb where b i s  the  width of 
P H  cut) .  Subsequently, - > -, subsurface flow w i l l  again occur and t h e  wear A 3  
rate w i l l  increase rapidly. 
P 
Point B marks the prac t ica l  limit of too l  l i fe .  
I t  should be noted t h a t  t h e  increase i n  wear rate a t  B does not 
indicate tha t  the  tool  is softening (as commonly assumed);but instead t h a t  
the’kork”is softening. 
than t h e  work. 
The tool i s , o f  course,a much more refractory material 
I t  has recently been found t h a t  too l  l i f e  may be s ignif icant ly  
improved when machining a s t a in l e s s  steel  by introducing additives which 
make the workpiece more refractory.  This new material has about t h e  same 
wear rate as the old, but may be used t o  a wear land corresponding t o  C 
instead of t ha t  at  B i n  figure 6 before the condition of catastrophic wear 
is  reached. 
This example illustrates the importance of  understanding the difference 
i n  wear charac te r i s t ics  for  heavily and l i gh t ly  loaded s l ide r s .  
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Asperity Mechanics 
In  the experiment of Williamson previously descr ibe4, i t  was found t h a t  
the load on the  piston t o  cause the unconstrained aluminum specimen t o  flow 
i n  bulk was 900 pounds. 
applied t o  the  p i s ton , i t  was found t h a t  t h e  real area of contact had reached 
a value of only 50% of the apparent area. Thus, even though the  mean stress 
on the  asper i t ies  was eight times tha t  corresponding t o  the  uniaxial  bulk flow 
stress, the asper i t ies  were still  half present. 
However, when a load four times t h i s  value was 
/ 
Moore (ref. 6 )  had drawn attention to this phenomenon earlier by press- 
ing a ha rd  cylinder into a soft copper surface having small parallel grooves 
( . O X  mm apart  x 20' included angle) machined i n  the  surface. He found t h a t  
even though the  subsurface flowed extensively the  grooves were st i l l  
substant ia l ly  present. 
In seeking an explanation f o r  t h i s  anomoly,it is necessary t o  consider 
the  mechanics of asper i ty  deformation. 
deformation of an asperi ty  by a smooth surface is similar t o  the  formation 
of a brine11 impression (fig. 7). 
Since a spe r i t i e s  are very blunt , the 
When a s p l i t  specimen having a gr id  i n  i t s  meridional plane is 
deformed by a sphere placed on the  s p l i t  t he  p l a s t i c  region beneath the  
surface may be c lear ly  distinguished from the elastic region. 
p l a s t i c  boundary must s a t i s f y  the elastic solution fo r  a loaded punch, since 
the  e l a s t i c -p l a s t i c  boundary w i l l  be a l i n e  of constant shear stress by the  
The elastic- 
Tresca flow c r i t e r ion  of p l a s t i c i ty .  
stress, M ,  f o r  a Hertzian load d is t r ibu t ion  on a punch of diameter 
One of these l ines  is the  e l a s t i c -p l a s t i c  boundary. 
determined by considering another convenient load d is t r ibu t ion  on t h e  punch 
(a concentrated load) and making the  two solutions consistent with the  
Figure 8 shows l ines  of constant shear 
2a . 
Which one must be 
Figure 7. - Similarity of asperity: (a) asper i ty  deformation. (b) Brinell  test .  
w 
LOAD 
0 IS T RI BUT1 ON 
. 
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PUNCH 
. .  
Figure 8. - Lines of constant sheer stress,  M, for a Hertzian load dis- 
tribution on a spherical punch loaded to the point that the diameter of con- 
tact i s  2a. (Shaw and DeSalvo, ref. 7). 
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principle  of S t .  Vennant. 
of diameter 2a on a c i rcu lar  asper i ty  is  found t o  be 3y, where y is  the  
uniaxial  compressive flow stress of the metal (ref.  7). 
Wen this is done the mean load having a f l a t  spot 
If we consider an array of -asper i t ies ,  par t ly  f la t tened (fig. 9), 
t h e  mean stress on each f l a t  area w i l l  be 3Y In f igure 9 a coordination 
number of 6 has been assumed for  the asperi ty  arrangement (each asperi ty  has 
6 nearest neighbors). 
a l l  asper i t ies  w i l l  be j u s t  suf f ic ien t  t o  cause the  subsurface t o  flow 
p la s t i ca l ly  ( i , e ,  
The asper i t ies  should f l a t t e n  u n t i l  the  t o t a l  load on 
u n t i l  t he  stress i n  the subsurface = 1.1Y). From the plan 
view of figure 9 , i t  is evident t h a t  t he  area of two asperity f la ts  [shaded) 
is  equivalent t o  area BCDEFG e The subsurface should therefore flow when 
o r  
2 1 2 3Y(2)(7ra ) = 6{7 [2(a + b)] s i n  6O0Il.iY 
b 
a .  - = 0.28  
Thus, three dimensional asper i t ies  when viewed i n  section AA should 
be f la t tened t o  the  point where b/a = 0.28 .  This w i l l  be the r a t i o  of 
However, i f  the sect ion distance between f la ts  for a section AB in extent of f l  ats 9,  
considered were HH then the half distance between f la ts ,  b ,  would be 2(. 8 6 6 ) ( .  28aJ 
or  b/a would be 0 .485ins tead  of 0.28. In  general, the  spacing of a spe r i t i e s  
w i l l  not be uniform,but w i l l  be randomly dis t r ibuted between 2b = 2{.280a) and 
2(,485a). I t  appears reasonable t o  assume that ,on t h e  average, 
b 
a 
.280 + -485 = o.38 
2 
- =  
for  a representative section. 
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SECTION AA 
Figure 9. - Array  of asper i t ies  having coordination num- 
ber  6 (Shaw, ref. 8). 
47 
This is in general  agreement  with the observations of Williamson 
and of Moore. 
However, in an  experiment performed in preparation for  this 
Workshop at Carnegie-Mellon University, some paral le l  grooves having 
a spacing of about 0. 1 inch and a n  included angle of 6 0 "  were  produced 
in a soft s teel  surface.  When these grooves were  p re s sed  with ei ther  a 
cylinder o r  a ball the grooves very  near ly  completely disappeared. 
This resu l t  is in complete disagreement with those of Williamson and 
Moore. It is suspected that the s ize  of the grooves is significant here ;  
but fur ther  study is required to  completely explain these contradictory 
resul ts .  
I t  is of in te res t  to note that the Moore effect has  been found in 
When a 10-32 screw is rolled the case  of plasticine and with indium. 
across a flat plasticine surface very  shallow grooves may be produced 
which a r e  not p re s sed  out when a s tee l  ball  o r  cylinder is forced a long 
way into the surface relative to the depth of the grooves (ref.  8). Only 
the tops of the grooves a r e  flattened. 
s imi la r  experiment with indium which, of course,  has a s t ra in  r ec rys -  
tallization temperature  below room temperature .  The fact  that this 
effect may be demonstrated on such a wide variety of mater ia l s  sug- 
g e s t s  t h a t  i t  is not controlled by ma te r i a l  s t ruc ture  o r  deformation mode; 
but that i t  is controlled by the geometry of the system and the distribu- 
tion of s t r e s s e s .  
Williamson (ref .  9) has done a 
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A quantity called the  p l a s t i c i t y  index, fl, has been proposed by 
~ 
Greenwood and Williamson (ref .  10) to determine when a spe r i t i e s  should be- 
have e las  tically and when plastically. This nondimensional quantity is 
h 
where E = Young’smodulus of e l a s t i c i t y ,  
H = hardness of metal, 
a = standard deviation o f  asper i ty  height d i s t r ibu t ion ,  and 
P = radius of curvature of the highest a spe r i t i e s  
By considering a s ta t is t ical  array of a s p e r i t i e s , i t  may be shown t h a t  only 
about 2% of the  asper i t ies  w i l l  be deformed su f f i c i en t ly  t o  go p l a s t i c  when 
(!I is equal t o  one. 
flow. 
The quantity P, may therefore be used i n  the manner of  a Reynolds number t o  
Thus fl = 1 may be taken t o  indicate  the  onset of p l a s t i c  
In most prac t ica l  cases fl is  e i t h e r  large o r  small r e l a t ive  t o  one. 
determine when asperities act predominantly e l a s t i c  (fl < 1) or predominantly 
p l a s t i c  (P, > I ) .  
For example, the  asper i t ies  of a b a l l  bearing w i l l  have a (!I of about 
1/50 and hence they w i l l  behave e l a s t i ca l ly ,  while the  a spe r i t i e s  of a 
loaded turned surface w i l l  charac te r i s t ica l ly  be about 20 and hence the  
asper i t ies  on such a surface w i l l  behave p l a s t i ca l ly .  
The p l a s t i c i t y  index is  seen t o  consis t  of two par ts :  (a) a material 
E 
H’ B O  part ,  - and@) a geometrical p a r t ,  E I t  is  of i n t e re s t  t o  note tha t  
j!l is independent of the  applied load. 
Tho plasticity index may decreasd with wear if conditions are such as 
t o  cause a smoothing (lower a, l a rger  B) of the  surface with time, This 
normally involves l imiting the  path length of wear debris,  which w i l l  tend t o  
cause surface roughening i f  allowed t o  r o l l  up and grow. 
The lowest wear rate undoubtedly is  associated with a value of fd < 1 
as i n  the  case of a b a l l  bearing. 
increase i n  a t t r i t i o u s  wear since la rger  junctions w i l l  per ta in  and t h i s  w i l l  
primarily increase K i n  equation 
rate of wear, :>, with increase i n  applied load due t o  an increase i n  A 
(equation 1) .  
If P, should increase there w i l l  be an 
1 . There w i l l  a l so  be an increase i n  t h e  
R 
An abrupt increase i n  wear w i l l  occur when the  subsurface goes 
plastic, which from equation 4 w i l l  occur approximately when 
2 AR - 2ma 
A 6{$2(a + b ) I 2  .8663 
- -  
- 0.28 b a - -  where 
*R orwhen - A = 0.37 
Role of Fine Structure 
Asperit ies are very small r e l a t ive  t o  the  s izes  of ordinary materials 
test  specimens and therefore we should not assume tha t  asper i ty  properties are 
the  same o r  even close t o  those fo r  materials i n  bulk, 
Such items as grain boundaries, phase differences,  s t ruc tura l  defects 
of a l l  so r t s  (including impurities, microcracks,and missing atoms), surface 
layers (oxides due t o  the  reaction of surfaces with air;  su l f ides ,  chlorides,  
phosphides, etc. due t o  reaction of surfaces with lubricants;  adsorbed films 
of organic alcohols, acids and oxyacids, ketones, aldehydes, e tc . )  and 
50 
residual s t r e s s  f ie lds  d is t r ibu ted  on a micro bas is  a l l  tend t o  make the  
properties of materials inhomogeneous. 
widely from point t o  point.  
Therefore the  behavior is  apt  t o  vary 
I 
In general, materials become strodker when the  loaded specimen volume 
gets  smaller, not only with regard t o  f racture ,  but a l so  r e l a t ive  t o  flow. 
This is due t o  the  fact t h a t  the  probabi l i ty  of encountering a stress 
concentration of a given magnitude decreases with a decrease i n  the  effective 
volume of the  specimen. 
I t  has been shown t h a t  such s t ruc tu ra l  influences play an extremely 
In  f i n e  grinding the  important ro l e  i n  a number of prac t ica l  applications.  
energy required t o  remove a un i t  volume of metal i s  30 times t h a t  required 
i n  ordinary cut t ing operations, since i n  f i n e  grinding the  shear s t rength 
of the metal removed approaches the  theore t ica l  shear strength value 
(-where G = shear modulus) due t o  the  absence of stress concentrations 
which promote dis locat ion formation i n  the  size range pertaining (ref .  11). 
Similar size effects have been shown t o  hold i n  materials t e s t i n g ( r e f .  12), in 
hardness testing (ref. 13), and in comminution (ref. 14). Brittleness is a proper ty  
tha t  has no meaning unless the  loaded specimen s ize  is  specified.  
example ,marble is  perfect ly  duc t i le  when loaded by a microhardness  indenter 
but perfectly b r i t t l e  when subjected t o  an ordinary macrohardness  tes t .  
The probabi l i ty  of finding a large flaw i n  the  loaded zone is  so  great i n  
G 
2n 
For 
the  ordinary test  t h a t  the  material fails  i n  b r i t t l e  f rac ture  immediately 
the  load is applied. 
finding a cr i t ical  flaw i n  the  loaded zone approaches zero and the  material 
may be indented t o  a substant ia l  depth without t h e  s l i gh te s t  indication of 
crack fortnation. V. Weiss of the Department of Metallurgy at Syracuse University 
has recently published papers associated with the  s i z e  effect i n  materials 
tes t ing .  
However, i n  t he  microhar&ess test the  probabi l i ty  of 
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The behavior of a hard oxide on a s o f t  subs t ra te  i s  extremely important 
t o  the  performance of electrical contacts,  Details of behavior i n  actual  
contacts i s  provided by studying a large p las t ic ine  t o  simulate a b r i t t l e  
oxide coating (ref. 15). When load is applied the action takes  plam in three 
stages: 
1. Radial crack formation. 
2.  Circumferential crack formation. 
3. Gross flow and crazing. 
The difference between lubricated (vasoline spread on shellac) and unlubricated 
shellac-coated a spe r i t i e s  operating i n  pa i r s  is most interest ing.  
lubricant i s  presentPCracks formed on one asperi ty  t ransfer  t o  the  other  and 
When no 
ttmetal-to-metal" contact resu l t s .  When a lubricant i s  present, the  cracks i n  
one surface i n  general do not l i n e  up with those i n  the  other and the re  is 
less bonding. 
The adhesion of contacts appears t o  occur a t  per iodical ly  spaced 
distances on contacting oxidized a spe r i t i e s  -at those points where the  
periodically spaced cracks l i n e  up. 
I t  was suggested that the  Lisegang phenomenon i n  geology which 
accounts fo r  t he  banding observed i n  natural  agates might provide another 
source of inhomogeneity, namely,one t h a t  would appear i n  surface f i l m s .  
This phenomenon may be demonstrated (Prof. Kahlweit of Gottingen) by placing 
.. 
a drop of AgN03 solut ion on a sheet of ge la t in  containing KCr04 i n  the  
gelat in .  
precipi ta t ion of AgCr04. 
arise from a mechanism such as t h i s ,  
exhibi ts  such a banded s t ructure .  
The Ag ion diffuses  through the  ge la t in  causing a periodic 
I t  is conceivable tha t  banded surface f i l m s  might 
A gold f i l m  containing 2% indium 
52 
A rocont: publicati~n of Prof.  HalLing of Manchester is concerned with 
some new asperity model studies .  
It was suggested t h a t  the Mooro experiment might be a convenient one 
t o  provide information on s ize  effocts  and the ro l e  of the  many inhomogeneities 
tha t  may occur on a micro scale, 
A note of caution was sounded concerning inferences drawn from the  
shapes of wear par t ic les .  
ro l led  up in to  cylinders as they pass between two s l id ing  surfaces. 
removing wear pa r t i c l e s  as  soon as they a r e  generated is it possible t o  study 
Wear pa r t i c l e s  a re  generated as p l a t e s  which are 
Only by 
t h e i r  i n i t i a l  size and shape. 
replaced screen are capable of revealing the  charac te r i s t ics  of f reshly 
generated wear pa r t i c l e s .  
Experiments involving a s l ider  on a frequently 
The poss ib i l i t y  of wear pa r t i c l e s  being generated when a spe r i t i e s  are 
unloaded instead of  when being loaded was suggested by the  recent discovery 
t h a t  metal beneath an indenter flows p las t i ca l ly  twice. Once (downward) upon 
application of the load and a second time (upward p l a s t i c  flow) over a smaller 
volume when the  load is  removed (ref. 7). 
The r o l e  of hydrogen i n  causing steel  surfaces coated with ceramic t o  
f lake  was c i t ed  as a possible cause of wear. 
t o  the clean metal surface decomposes on f i r i n g  t o  give atomic hydrogenwhich 
Moisture i n  the  s l i p  applied 
w i l l  diffuse through the  steel. This hydrogen w i l l  tend t o  co l l ec t  a t  points  
of stress concentration and i n  the  case of a ceramic coated steel  surface may 
generate suff ic ient  local pressure t o  cause flaking of the  ceramic. A paper 
on hydrogen embrittlement by R.  A. Oriane of the U. S. S tee l  Fundamental 
Laboratory soon t o  be published by AIME is  of i n t e re s t  i n  t h i s  connection,as 
i s  the  work of the  DuPont Savannah r i v e r  group on the  or ientat ion of hydride 
5 3  
nodules i n  s t ressed metals due t o  the  tendency f o r  hydrogen t o  prec ip i ta te  
perpendicular t o  a t ens i l e  f i e l d  and perpendicular t o  a compressive f i e l d  
i n  zircaloy and titanium al loys (ref .  16). 
Surface Geometry 
Different detai ls  of geometry of finished surfaces are of i n t e re s t  
i 
fo r  different  purposes. 
i n t e re s t  i n  f r i c t i o n  and wear. The geometry a t  the  bottoms of asperities 
appears t o  be of  greatest  i n t e re s t  r e l a t ive  t o  strength and the  Rehbinder 
effect,while the  en t i r e  p ro f i l e  appears important r e l a t ive  t o  adhesion, 
plating,and perhaps catalysis .  
The slopes of the  tops of asper i t ies  are of greatest 
In studying the slopes a t  the  t i p s  of asper i t ies  f o r  f r i c t i o n  and wear 
appl ica t ions , i t  was suggested t h a t  Ylleibull extreme value statistics may be 
of value i n  providing a b e t t e r  estimate of the slopes of the highest points 
than may be obtained by working with the mean asperi ty  slope of a band 10% 
of the  peak-to-valley distance down from the highest peak. 
Weibull plot  the 10% and 90% rank slopes may readi ly  be obtained as well as 
the  median (50%) rank value. 
with the  mean slope of the  highest 
surfaces produced i n  different  ways for  use i n  f r i c t ion  and w e a r  applications 
than use of the  mean value alone. 
By use of a 
The slope of the Weibull plot  together 
10% peaks should b e t t e r  characterize 
K r a m e r  E%fect and the Role of Electrons Emitted from Su;rfaw% *-“-....*c* .. 
The Kramer effect involves the  emission of electrons from a freshly 
scratched, cu t ,or  broken surface. These electrons may be detected by a 
Geiger counter and caused t o  ac t iva te  a loud speaker. 
PhD thesis at Delft (ref.  17) written in the Dutch language was abs t rac ted  by 
A recently completed 
Or. Salomon. 
on photographic plates by the  emission of electrons from a surface. 
Th i s  study was concerned with the production of images produced 
The 
electrons emitted are photoelectrons and their emission is  stimulated by 
i r rad ia t ion  of the surface by u l t rav io le t  l i gh t .  
electrons depends not only on i r radiat ioh,but  a l so  on the  rate of oxidation 
of the  surface, which may be controlled by use of methane as a cover gas 
which increases sens i t i v i ty ,  The de ta i l s  of surface texture seen on the  
photographic plate resu l t  from the different  rates of electron emission a t  
different  points on the  surface.  
The emission of photo- 
t 
I t  would appear t ha t  the  flow of electrons t h a t  would come from a 
freshly scratched asperi ty  as it oxidizes could have an important influence 
on bond formation between a spe r i t i e s  making contact and on surface chemical 
reactions. 
wear and is  par t icu lar ly  applicable t o  the  wear of heavily loaded s l i d e r s  
where more new surface w i l l  be generated a s  a r e su l t  of an increased wear r a t e .  
This subject is  therefore of importance t o  those interested i n  
The enormous influence t h a t  the  generation of fresh surXaees has on 
surface reactions is  dramatically i l l u s t r a t ed  by the  mechanical  activation 
process (ref. 18) in which organometallic reactions that wi l l  not go under 
ordinary laboratory conditions may be readi ly  carr ied out by cut t ing the  
metal under the  surface of l iquid reactants .  
cut i n  the  presence of phenyl chloride and ethyl ether (solvent), the 
corresponding Grignard reagent (phenylmagnesiumchloride) is produced even 
though t h i s  reaction cannot be induced i n  the  ordinary glass  apparatus of 
For example, when magnesium i s  
1 .  
the  organic chemist. 
undoubtedly f igure i n  these reactions,  although the  increased electron 
mobility a t  t he  freshly cut  surface i s  augmented by loca l  autoclave conditions 
i n  the  zone of reaction (pressures up t o  the  flow stress of the  deforming 
magnesium and local  temperatures of several  hundred degrees on the  surface 
of the  deforming metal). 
The electrons emitted from the  freshly cut surface 
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I 
there  have been many claims and counter claims concerning’ Over the years 
the ro l e  of the  heavy thermoelectric currents that are generated when a tungsten 
; 
carbide tool cuts ‘steeL.(zef. 19). 
from chip t o  too l  and i t  is  claimed t h a t  wear may be reduced if this current 
flow may be prevented by(a) insulating -che tool from the  system, or  (b) by 
introducing a counter emf t h a t  reduces the  current flow t o  zero (fig. loa). 
Great claims have been made f o r  t h i s  method of preventing too l  wear;but these 
have generally not been substantiated. 
The c&rrenbflow in these cases is 
I 
I t  would appear t ha t  the  explanation f o r  t h i s  anomoly lies i n  the fact 
t h a t , i n  generalsthe heavy thermoelectric currents are eddy currents  as shown 
i n  f igure  lob. 
influence on these eddy currents. 
Insulating the  too l  o r  applying a counter emf w i l l  have l i t t l e  
Occasionally,the path resis tance may be less through t h e  machine and 
tlwork’lthan f o r  the  path of an eddy current, which would be the  case i f  a semi- 
conducting oxide were developed between chip and tool .  
i t  would be possible t o  a l ter  the  current flow by tool insulation o r  by use 
of a bucking c i r cu i t .  
been obtained and reported i n  the  l i t e r a t u r e  using these techniques. 
i t  is  believed t h a t , i n  genera1,the s i tua t ion  is as shown i n  f igure  10b. 
only thing tha t  w i l l  reduce the  extremely high current flow here is the 
formation of an insulat ing oxide f i l m  t ha t  great ly  increases the  electrical 
resistance between chip and tool .  
In such instances 
I t  is probable tha t  i n  such cases good r e su l t s  have 
However, 
The 
Recently there have been a number of reports of great ly  improved too l  
l i f e  (from 2 t o  10 times) due t o  the  formation of a s ta t ionary oxide f i l m  
on the surface of t i t an ium carbide containing tools .  This oxide has been 
shown t o  be due t o  the build up of inclusions i n  the  s t e e l  resu l t ing  from 
special  deoxidation techniques (ferrosil icon and calcium oxide) (refs. 20-22). 
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(a) (b 1 
Figure  10. - Current flow in me ta l  cutting situations.  
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Alternatively, it may be induced by use of special oxide forming lubricants such as a 
4% soda water solution (ref. 23). While these oxide f i lms have general ly  been 
thought t o  act as a diffusion ba r r i e r  t o  prevent the  loss  of carbon from the 
WC crys ta l s  i n  the  tool  face t o  the  aus ten i t ic  layer on the  rapidly moving 
chip face, it is  also possible t h a t  t he  oxide is preventing t h e  large eddy 
currents t h a t  w i l l  be present i n  the  absence of an insulating f i l m .  
I 
i 
The complete absence of crater wear f o r  ceramic tools  could be due 
t o  the absence of eddy currents with a tool  material that is electrically 
noneonduc t ing . 
I t  appears worth giving some thought as t o  how photochemical and 
thermoelectric electron flow might be prevented o r  reversed, i n  those cases 
where the  electrons flow i n  such a direct ion as t o  weaken the s l i d e r .  
Possible solutions might be found i n  the  su i tab le  choice of composite s l i d e r  
materials o r  by new methods of  rendering s l id ing  surfaces nonconducting. 
Future  Experiments 
More experiments are needed i n  which f r i c t i o n  and wear charac te r i s t ics  
are  studied under conditions of gross subsurface flow. 
such experimental system w i l l  be given. 
An example of one 
I t  would be of i n t e re s t  t o  run both f r i c t ion  and wear experiments 
under conditions of gross subsurface flow with variable constraint .  
method of doing t h i s  is suggested i n  f igure 11. 
would be rotated against two hard spheres subjected t o  a load P.  
would be increased i n  each case u n t i l  a brine11 impression of diameter, 2a, 
was produced (where 2a/D = 0.4). 
sphere and rotat ing specimen would be a function of h/2a and specimens of 
different  thickness should be tes ted  (h/2a = 1 t o  10). 
on the interface should be Y when 2a = 1 and should be about 3 Y  when 
A 
Here a specimen of height h 
Load P 
The mean load on the interface between 
The mean s t r e s s ,  F, 
h %  
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T 
i 
Figure 1 1 .  - Proposed friction and wear  t e s t  
under conditions of subsurface plastic flow with 
different degrees  of constraint. 
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i 
Figure  12. - Variation of constraint  factor  
P/r with h/2a.  
J' 
Figure  1 3 .  - Uniaxial compression test. 
10, yarying approximately as shown i n  -€igure 12 as  h / Z a  varies.  
previously, ?f = the uniaxial flow s t r e s s  i n  a simple compression t e s t  such 
as t ha t  shown i n  tfigure 13. 
As z 
Since the f u l l  constraint @/Y 3) would probably not be developed 
9 
when a central  hole (2b/D, = O ? l  is suggested) . .  is present, the  experiments 
should be repeated without a central  hole. 
Fr ic t ion torque(and hence a mean coefficient of s l id ing  f r ic t ion)  
could be measured on one of the b a l l s  and the  wear (progressive increase i n  
dimension Za) could be determined versus time. 
Different lubricants should be investigated. 
These experiments would yield data obtained under conditions of 
subsurface flow and when the  constraint fac tor ,  ~F’Y on the rubbing surfaces 
varied from 1 t o  3. 
p l a s t i c  flow could be compared with those f o r  conventional s l id ing  ( l ight ly  
loaded s l ider )  by periodically decreasing the load p after first having run 
the apparatus under conditions t o  produce a spherical surface having 2a =0.4D. 
These f r i c t i o n  and wear r e su l t s  with gross subsurface 
The foregoing experiments should be repeated with heavy de current 
flows i n  both directions (from b a l l  t o  specimen and from specimen t o  ball]. 
If one ba l l  were insulated,the effect of the  current flow on wear would be 
clear ly  evident by the difference i n  performance of the two ba l l s .  
The experiments described should employ d i f fe ren t  pa i r s  of metals as 
f 01 lows : 
1. 
2L. 
3. Hard s t e e l  ba l l  on 18-8 s ta in less  s teel .  
4., 10% Co . WC ba l l  on sof t  s t e e l  specimen. 
5.: 10% Co - WC + T i c  b a l l  on sof t  s t e e l  specimen. 
6. Ceramic b a l l  (nonconducting) on sof t  s t e e l  specimen. 
Hard s t e e l  ba l l  on sof t  s t e e l  specimen. 
Hard s t e e l  ba l l  on brass specimen. 
L i  
i .  
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I t  is  f e l t  t h a t  r e s u l t s . o f  t h i s  so r t  would great ly  improve our 
knowledge of the  much neglect f i e ld  of lubrication, f r ic t ion,and wear under 
conditions involving . .  gross subsurface flow, 
Concluding Remarks 
It is fe l t  t ha t  an important area of the e n t i r e  f i e l d  of lubrication, 
f r ic t ion,and wear has been identified- s l id ing  under conditions of subsurface 
p l a s t i c  flow. 
the  type of s l id ing  ordinar i ly  studied due primarily t o  the interact4on of 
adjacent asper i t ies  which causes performance t o  deviate from Amonton's Law. 
Conditions f o r  this type of s l id ing  d i f f e r  s ignif icant ly  from 
Studies of s l id ing  under conditions of  subsurface p l a s t i c  flow are 
not only of importance f o r  applications d i r ec t ly  involving these conditions, 
but such s tudies  are bound t o  lead t o  a better understanding of  the 
performance of l i gh t ly  loaded s l ide r s  by accentuating actions t h a t  are small 
but important under l i gh t ly  loaded t e s t  conditions. 
I t  is f e l t  t h a t  the discussions that have taken place a t  this Workshop 
between people of en t i re ly  different  background and experience represents an 
important contribution t o  a better understanding of the performance of 
heavily loaded sliders. 
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EXTREME-TEMPERATURE LUBRICATION 
R. P. Shevchenko 
P r a t t  and Whitney Aircraft  
Division of United Aircraf t  Corporation 
Eas t  Hartford,  Connecticut 
Edi tors’  Note: 
Group VI  w a s  t ransmit ted by R. P. Shevchenko, 
Group Leader. 
were  L. S .  Akin, S. Allen, H. H. Coe, S .  
Feuerstein,  H. G i s se r ,  F. A. Glassow, E. 
Kingsbury, W. R. Loomis, L. P. Ludwig, 
R. R. Nash, R. J. P a r k e r ,  and E. V. Zaretsky. 
This repor t  f rom Working 
Other members  of the Group 
The members  of the Group represented seven different disciplines 
(chemistry,  metallurgy, physics,  aeronautical engineering, chemical 
engine e r ing , electr ical  eng ine e ring, and m e  chanical engineering). This 
interaction of many disciplines resulted in a fruitful discussion of the 
problems ranging f rom fundamental concepts to pract ical  design con- 
s ide rations. 
The Group’s assignment w a s  as follows: 
1. Lubricated friction and wear  behavior at: 
a. Moderate temperature .  
b. High temperature .  
C. Cryogenic temperature.  
2. Effect of environment on lubrication behavior. 
3.  Fai lure  modes. 
4. Frett ing . 
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5. I)c@ign and lubrication canaiderations far mechanical  corn- 
parrent8 f u r  axf,rcxntZ-tt?xnped.atztra aervicc,  such as bearings, 
gears,  and eiaalls, - 
Due to l imitations of t ime, some of the problems were  considered at length 
while o thers  were  not discussed. Highlights of the discussions are given 
below. 
Mode rat e - Tempe r atu r e Lub r i cation 
Key lubrication problems in the modera te  tempera ture  range (up 
to about 400°F) w e r e  considered to be d i r t ,  bear ing skidding, bear ing l ife,  
high-speed problems,  and poor lubrication pract ice .  
Dirt .  D i r t  w a s  recognized a s  a menace to  sys tem hardware,  -
eepecially in modern je t  engines f o r  which the character is t ical ly  thin oil 
films would not p e r m i t  even extremely fine d i r t  to pass  through. 
Di r t  could come f r o m  assembly  of dir ty  p a r t s ,  s e a l  air leakage, and 
w e a r .  Many ideas  for  d i r t  control were  discussed;  but they general ly  fall 
into t h r e e  classes:  (a) d i r t  prevention and removal ,  (b) m a t e r i a l  select ion,  
and (c) design. 
The recommended courses  of action were: (a) fi l tration of seal 
leakage air, (b) run-in and change oil,  (c) agglomeration of d i r t  par t ic les  
and fi l tration, (d) S-monel l i ne r  o r  aluminum hardcoat  on rubbing p a r t s ,  
and (e) es tabl ishment  of a sufficient oil-film thickness to allow par t ic le  
passage  (e. g. , outerland riding cage, hydrostatically supported cage). 
I t  was noted that the suggested remedies  w e r e  ve ry  close to the p rogram 
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c a r r i e d  out by engine manufacturers  and use r s .  
Bearing Skidding. 
skidding was  recognized. 
fo r  a fa i r ly  l a rge  thrus t  bearing. 
cage and bal ls  a r e  i l lustrated in f igure 2. 
ihe  ra t io  of cage speed to shaft speed had been found to coincide with the 
calculated peak point at the minimum coefficient of friction required to 
The damaging effect of rolling-contact bearing 
F igure  1 shows an  experimental  "skidding map" 
Typical data showing gross ,  sliding of the 
The experimental  peak point of 
keep the balls from slipping gyroscopically (fig. 3). The peak points a r e  
thereiore  calculable to develop the skidding-prone boundary for  any new 
thrus t  bearing design as shown in figure 1. 
Bearing Life. Rolling-contact fatigue life was  discussed extensively. 
In general ,  it w a s  felt  that good life would require  the consideration of: 
(a) side grain,  (b) special  s teels  (such as M50, M1, WD65, WB49), (c) 
hardness  difference between balls and r a c e s  (for example, balls harder  
than r aces  by 1-2  Rockwell C unit with SAE 52100 s teel) ,  (d) thick elasto-  
hydrodynamic oil f i lm, (e) bet ter  surface finish, (f) res idual  compressive 
s t r e s s  in r a c e s ,  (g) multiple consumable vacuum remel t ,  (h) ausformed 
s teel ,  (i) low residual t race  elements ,  and (j) low austenite (dimensional 
stability). 
Research  needs in this area were: (a) surface character izat ion,  
(b) elimination of end gra ins  in bal ls ,  (c) hollow o r  dr i l led bal ls ,  (d) hard-  
n e s s  vs. life for  new ma te r i a l s ,  (e) ba l l - to- race  hardness  difference vs. life for  
new ma te r i a l s ,  ( f )  fatigue initiation mechanism, and (g) c rack  propagation 
mechanism (surface and subsurface).  
Skid prone 
reg irne 
Skid damage 
probab 1 e 
No skid 
regime 
I I 1 '  I 
200 4 00 6 00 800 
Thrust load per b a l l ,  Ib .  
Figure 1 - Skidding rnap for  a thrust  bearing. 140-m bore, l . 5 - i n .  b a l l s  
1 
b 
1 
I 
1 
200 400 660 $00 i,O C?Q 
Thrust load per b a l l ,  l b .  
Figure 2 - Ef fec t  o f  load on c a g e  s p e e d . !  140-m bore ,  1.5-in. b a l l s ,  10,000 rpm 
.- 
I \  \ 6.006 
I l l 1  I \ 4.000 
400 600 800 I, mm 200 
Thrust load per ball, lb., 
r.p.m. 
Figure 3 - Predict ion o f  minimum coef f ic ient  of f r i c t i o n  to  prevent gyroscopic s l i p  of balls. 
140-mm bore, 1.5-in.  balls 
High- Tempera ture  Lubrication 
In the realm si high tempera ture ,  both liquid and solid lubrication 
were considered. EPswever, ampka~i s  wks given to liquid lubricants which 
are l imited in tempera ture  capability (up to about 600°F)  pr imar i ly  by 
thermal  degradation. 
The rma l  Degradation. I t  w a s  observed that lubriaant  degradation 
B t  high tempera ture  could be ei ther  oxidative o r  thermal .  
oxidative stabil i ty and the rma l  stability w e r e  important.  
Thus, both 
W ettability. I t  was noted that cer ta in  high-temperature lubricants  
had application problems apparently re la ted to their lack of sufficient 
"wettability". 
pump bushings and a polyphenol e ther  has caused cage wea r  until the fluid 
flow was  substantially increased.  
F o r  example,  a C-ether fluid has  given r i s e  to worn oil  
As applied to rolling-contact bear ings ,  the Group suggested that 
the ra t io  of the minimum elastohydrodynamic film thickness to the composite 
sur face  roughness might be a pertinent pa rame te r  to consider.  
ra t io  is l e s s  than unity, t he re  would be  metal- to-metal  contact and poor  
rolling fatigue l ife,  and good wettability might be  very  important.  If this 
ra t io  is between unity and 3 ,  there  would be light meta l - to-meta l  contact 
If this  
and reasonably adequate rolling fatigue l ife,  and good wettability might 
possibly be relevant.  If this ra t io  is g r e a t e r  than 3 ,  there  would be no 
meta l l ic  contact and excellent rolling fatigue l ife,  and good wettability may 
not be important. 
i 
The Group did not come up with a sat isfactory definition of 
L 
' Iwettabilitytt.  
study wetting by a liquid on a solid surface is the contact angle. 
in contact angle measu remen t s  were  discussed. 
r e s e a r c h  were: 
of the thermodynamics of the fluid-solid interface,  (c) the rheological 
It w a s  mere ly  noted that the mos t  widely used pa rame te r  to 
Difficulties 
I tems recommended for  
(a) the f r ee  energies  involved, (b) a be t te r  understanding 
!properties of the fluid,  and (d) the effect  of wettability on the elastohydro- 
dynamic film thickness. 
Effect of Environment 
Y 
h 
~ - 
The effect of environment,  par t icular ly  in  the boundary lubrication 
reg ime,  was recognized. The strong effect of environment, such as oxygen 
and wate r ,  on boundary lubrication and additive behavior has ,  in the Group's 
opinion, been amply demonstrated.  However, the problem is mos t  com- 
plex, The Group felt  that much m o r e  study would be needed to re la te  the 
e f fec ts  of environmental  variables to boundary lubrication behavior.  
Fa i lure  Mode Analysis 
Fa i lure  mode analysis has received much attention in mi l i ta ry  
( 
procurement .  
Fret t ing 
An example of such an analysis is i l lustrated in  table 1. 
The Group noted that no two surfaces  in contact can be completely 
f r e e  of frett ing.  Examples in a j e t  engine a r e  snaps,  splines,  shaft stack- 
ups,  bolted faces ,  threads,  and many others.  To aid in design, knowledge 
of f r ic t ion and energy dissipation with respec t  to relative motion would be 
required.  
Table 1. -- Fai lure Analysis for Roll ing-Contact Bearing 
Possible Causes Ef fects  and Consequences 
Methods o f  Methods f o r  
Detection Prevention Remarks 
. D i r t  inclusions 
I. Microscopic cracks 
:. Scratches 
I. Forging laps 
;. Grinding burns 
i. Other manufacturing 
defects 
1 .  improper o i l  storage 
or handling 
2. D i r t  car r ied i n t o  o i l  
system by seal leakage 
3. Introduct ion o f  d i r t  
o r i g i n a l l y  trapped i n  
engine dur ing assembly 
i n t o  o i l  system 
4. Improper bearing clean 
ing, handling and in -  
s t a  1 l a t i  on 
' p a l l  progresses i n  s ize  and transfers t o  
) ther r o l l i n g  elements, eventual ly breaking 
:age and causing bearing seizure. 
1 .  D i r t  imbeds i n  s o f t  cage p la t i ng  and 
causes heavy wear on cage r i d i n g  race. 
This addi t ional  debr is causes addi t ional  
bearing wear which u l t ima te l y  can cause 
loss of ro to r  posi t ioning. 
Increased cage wear can eventual ly weaken 
cage and cause breakage (general ly 
l im i ted  t o  r i ve ted  type cages. 
cages are not used on main shafts). 
2 .  
Riveted 
3 .  Eventual spa l l i ng  (see spal l ing).  
I .  Visual inspect ion 
!. Vibrat ion monitoring 
I .  Chips i n  o i l  
t .  Noise level  detect ion 
D i r t  Damage 
I .  Visual  inspect ion 
2. V ibrat ion monitoring 
3. Chips i n  o i l  
4. Noise leve l  detect ion 
~ 
1 .  inspect o f ten  (class 7 
bearing qua l i t y )  
2. Control spec i f icat ions 
of: 
a) Heat t rea t  
b) Mater ia l  cmpos i t i on  
C) Dimensions 
d) Forging pract ice 
3. Production r i g  run i n  
4. Green run i n  engine 
5. Inspect a t  vendor 
6. Survei l lance t e s t  each 
bearing l o t  
7. Use double sets o f  bear- 
ings i n  some locat ions 
1. Minimize leakage of  
d i r t y  a i r .  This i s  best 
accomplished by rubbing 
contact seal, but  an 
elaborate l aby r in th  seal 
system can a l so  be used. 
2. Carefu l ly  choose locat ion 
fo r  drawing o f f  turbine cool-  
ing and pressur izat ion a i r  
t o  minimize the amount o f  d i r t  
passed through the seals. 
3. Use st ra iners t o  clean o i l .  
4. Lubr icate c r i t i c a l  bearings 
w i t h  emphasis on inner race 
cooling. 
5.  Inspect often. 
6. Green run i n  engine. 
7. Use double sets o f  bearings 
i n  SOW locations. 
Spal l ing fa i l u res  do no t  resu l t  i n  catastrophic 
engine fa i lures because: 
1. The ra te  of progression i s  slow, resu l t i ng  
i n  several hours o f  useful  l i f e .  This a l -  
lows t irne for detection, safe engine shut- 
dwn, and loca l i za t i on  of damage t o  the 
bear i ng. 
2. The bypass valve i n  main s t ra ine r  prevents 
o i l  shut o f f  t o  engine due t o  debr is a t  s t ra iner .  
3. A second set o f  s t ra iners i n  each o i l  l i n e  i s  
used t o  prevent large pieces o f  debr is from 
going through the bearings. 
Redundant s t ra iners are used when possible, 
and 
C r i t i c a l  bearings are no t  nounted d i r e c t l y  
on the shaft  between the compressor and 
the turbine. 
due t o  over-temperaturing. 
k. 
5 .  
This prevents shaf t  f a i l u r e  
- ~~ 
rlot a severe problem i n  r o l l i n g  contact  bearings. 
Fai lures are no t  catastrophic and leave p lenty  of 
t ime t o  be detected. 
does not cause premature engine removal or i n f l i g h t  
jhutdmn, bu t  i s  found a t  overhaul by v isua l  in- 
spection. 
This type o f  f a i l u r e  general ly 
D e s i e n  and L u b r i c a t i o n  C o n s i d e r a t i o n s  
A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 
T a b l e  2 i l l u s t r a t e s  an e x a m p l e  of d e s i g n  and l u b r i c a t i o n  c o n s i d e r a -  
t i o n s . f o r  h y d r o d y n a m i c  and r o l l i n g - e l e m e n t  b e a r i n g s .  
Table 2. -- Design Cons ide ra t i ons  f o r  Bear ing  Cho ice  
Note: O v e r a l l  Advantage Designated by ;’< 
Comments on Advantage o r  D e f i c i e n c y  
R o l l i n g  
Hydrodynami c Contact  
R e l i a b i l i t y  f o r  d e s i r e d  t ime between 
overhauls  (TBO) 
1 .  F a i l u r e  modes o f  bea r ings  E 
consequences 
Engine Performance P e n a l t y  
I .  O i l  f lm  r e q u i r e d  
2. Heat g e n e r a t i o n  
3. 
4. Noise 
E f f e c t  of b e a r i n g  on engine v i b r a t i o n  
MIL Lube S p e c i f i c a t i o n  C o m p a t i b i l i t y  
1 .  C o r n p a t a b i l i t y  w i t h  v a r i o u s  chemical  
2. Minus 65°F s t a r t i n g  to rque  and 
3 .  L u b r i c a n t  a e r a t i o n  
compos i t i  ons 
o p e r a t i o n  
O i l  Flow R e s t r i c t i o n  E f f e c t s  
1 .  Momentary o i l  s h u t o f f  
2. O i l  s t a r v a t i o n  
3. Complete o i l  loss 
Envi ronmental and Performance Demands 
1 .  Rapid a c c e l e r a t i o n  t o  max power and 
d e c e l e r a t i o n  t o  shutdown and v i o l e n t  
maneuver 
2. High speed 
3 .  Wide range temperature o p e r a t i o n  
4. Wide range load  o p e r a t i o n  
5. S u s c e p t i b i l i t y  t o  D i r t  Damage 
Opera t i ona l  Demands 
1 .  Main ta  i n a b i  1 i t y  
2. 
3. T r a i n i n g  requi rements 
O f f -Des ign -Po in t  C a p a b i l i t y  
1 .  Misa l i gnmen t  
Ease o f  assembly and d isassemblv 
2. Overspeed 
3 .  Over load 
Compet i t i v e  I tems 
1 .  c o s t  
2. Weight 
3. Volume 
2000-3000 h r s  TBO on p i s t o n  
engines, c a v i t a t i o n  and wear 
p rob  1 ems 
nHydrodynami c bear i ngs have 
i n h e r e n t  damping c a p a c i t y  
Transmi ts  l i t t l e  n o i s e  i n h e r e n t l y  
More s u s c e p t i b l e  t o  chemical a t t a c k  
P o s s i b l e  b u t  d i f f i c u l t  because o f  
h i g h  s h e a r i n g  f o r c e s  
A e r a t i o n  a c c e l e r a t e s  b e a r i n g  
c a v i t a t i o n  
F a i l s  i n  seconds 
F a i l s  immediate ly  
More ca re  r e q u i r e d  t o  g e t  through 
c r i t i c a l s ,  h igh hea t  genera t i on  
L i t t l e  h i g h  temperature work done 
a t  p resen t  
D i r t  v e r y  d e l e t e r i o u s  t o  hydrodynamic 
b e a r i n g  
S p l i t  bea r ings  can be rep laced  i n  s i t u .  
Increases end l o a d i n g  enormously, 
f o r c e s  use o f  comp l i ca ted  s e l f  a l i g n i n g  
des i gns 
Costs a r e  h i g h e r  
Weights a r e  g r e a t e r  
Volumes a r e  l a r g e r  
+~IO,OOO h r s  TBO on JT3D 
t u r b i n e  engines,  R o l l i n q  c o n t a c t  
f a t i g u e  and s k i d d i n g  problems 
“1/4 - 1/2 o i l  f l o w  r e q u i r e d  
?:1/4 - 1/2 o v e r a l l  f r i c t i o n  loss 
RC bear ings  go through c r i t i c a l  
speeds read i 1 y 
Noise made by a i r c r a f t  q u a l i t y  
bea r ings  n o t  d e t e c t a b l e  o u t s i d e  
eng i ne 
% p a l l i n g  f a t i g u e  a f f e c t e d  by 
JfDemonstrated w i t h  s e v e r a l  type 
;‘No e f f e c t  on RC f a t i g u e  
d i f f e r e n t  f l u i d s  
1 f l u i d s  
%an accep t  repeated one minute 
o i l  s h u t o f f s  
$;More t o l e r a n t  
+:Can o p e r a t e  up t o  s e v e r a l  minutes 
;toperates w e l l  over wide range o f  
i n t e r n a l  c lea rances  & temperatures. 
aExtens i v e  successfu 1 exper irnental 
exper ience  b e i n g  ob ta ined  between 
1 . 7  t o  2.5 x IO DN 
Only l i m i t a t i o n  i s  l u b r i c a n t  
“Preloaded bear ings  and t h r u s t  load 
c o n t r o l  r e q u i r e d  b u t r e a d i l y  accomplished 
More t o l e r a n c e f o r  d i r t  
?;Completely packaqed bear i nqs d i r e c t  1 v 
rep laceab le  by f o l l o w i n g  s imp le  
i n s  t a l  l a t  i o n  i n s t r u c t  ions 
See I tem 1 
See 1te.n 2 
“Not d e s i r a b l e ,  b u t  b e a r i n g  i n  
f l e x i b l e  mount more t o l e r a n t  
;‘?Considerable t o l e r a n c e  f o r  s h o r t  
W o n s i d e r a b l e  t o l e r a n c e  f o r  s h o r t  
pe r iods  
per  i ods 
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As mentioned in the Introduction, the Workshop was conducted 
in three  pa r t s .  The first one-half day was a genera l  s e s s ion  during which 
isix Group Leade r s  introduced a number of key problems suggested by the 
Steering Committee for  consideration by the Working Groups. During the 
following one and one-half days,  the six Working Groups m e t  separa te ly  
to discuss  these problems in  depth. The final day w a s  again a genera l  
s e s s ion  devoted to receiving the r epor t s  f r o m  the Groupsx-axi&gmtat&li&s- 
cussions f r o m  the floor.  
The repor t s  f rom the s ix  Working Groups,  which appear  in the 
preceding pages,  speak for  themselves.  The w r i t e r s  need only comment 
he re  that, due to the complex na ture  of the problems,  adequate r e c o r d  
keeping of the proceedings of the working sess ions  was  understandably 
m o s t  difficult. It w a s  the w r i t e r s '  observation that all working sess ions  
w e r e  conducted enthusiastically and constructively,  and  the Group r e p o r t s  
ref lected with all possible fidelity the major i ty  opinions of the Groups. 
The enthusiasm displayed by the par t ic ipants  w a s  probably even 
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m o r e  evident in the final general  session,  i. e . ,  during the discussions 
that folllowed the presentation of the Group reports.  We will. now at tempt  
to slkstck the highlights of these diecussione. 
Interdisciplinary Approach. Three  of the Group repor t s  ( those 
f rom Groups IIT, V ,  and VI) emphasized that the interaction of multidiscip- 
l inary talents produced fruitful resu l t s .  Though not specifically so  s-ted, 
the repor t s  f rom the other three Groups (Groups I, 11, and IV) a l so  clear ly  
evidenced the benefits of interdisciplinary cooperation. 
During the f inal  general  session,  G. Salomon expressed  g rea t  
enthusiasm in successfully bringing together special is ts  of many different 
backgrounds and in te res t s  to exchange ideas and viewpoints. He r e fe r r ed  
in par t icular  to the communications gap that exis ts  between r e s e a r c h  
workers and design engineers.  
there  a r e  many la rge  industries which encompass within themselves  strong 
r e s e a r c h  and design groups so that their  communications problems may 
not be very  acute. 
and r e s e a r c h  groups together in a single meeting is an exciting exercise .  
He suggested that,  in the United States ,  
But even so, bringing representat ives  of many industr ies  
Referr ing to the European situation, where many smal l  industr ies  operate  
without internal r e s e a r c h  support ,  the problem of interdisciplinary co- 
operation is f a r  m o r e  difficult. European sc ien t i s t s ,  he therefore  concluded, 
have even g rea t e r  responsibility to help the industry. 
Salomon disagreed with G. S .  Ansell  who stated that advanced in- 
s t rumental  techniques a r e  available and can readily be applied to lubrication 
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studies.  
equipment, that considerable development work is still required to adapt 
such equipment to lubrication r e sea rch ,  and that i t  is in  this a r e a  that the 
basic  Scientists can make a notable contribution. 
that the technical people should not per form experiments without adequate 
characterization, that i t  is the technical people's responsibility to decide 
consciously what to measu re  and what to leave out, and that the job itself 
mus t ,  in the l a s t  analysis ,  be done by the technical people themselves.  
However, the genera l  concensus of the participants,  who were  overwhelmingly 
lubrication and design engineers to be  s u r e ,  was that active participation of 
basic  scient is ts  was both desirable  and necessary  in the application of ad- 
vanced instrumental  techniques and in the interpretation of resul ts .  
He emphasized that not all lubrication groups can afford such 
Ansell 's  rejoinder was 
R. Courtel stated that the Workshop was exceedingly challenging and 
he wished that a s imi la r  approach could be adopted in Europe. He fur ther  
expressed the opinion that he would like to s e e  friction and wear  r e s e a r c h  
actually conducted by small multidisciplinary teams,  analogous to the 
Working Groups activated for  this meeting. 
should perhaps be a physicist  for  fundamental r e s e a r c h  projects  and a n  
engineer for  applied r e s e a r c h  projects.  
He added that the team leader  
Fr ic t ion and Wear Research.  Courtel then went on to propose that 
in friction and wear  r e sea rch ,  the principal governing pa rame te r s  a re :  
1. Load (and p res su re ) .  
2.  Speed (and kinematics of motion). 
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3, Tern p e  ra tur c* (and t tit* rn1a.l factor  s) 
4. Nature a€ xrtsatcrial8 (and metal lurgical  s t ruc ture) .  
5, Stcatc of the surfaces and of the superf ic ia l  l a y e r s  
(geometr ic  , phy s ic0  - chemical,  and s t ructural) .  
6 ,  Environment (including lubrication). 
The pr incipal  effects to be observed are:  
1. F r i c  tional r e  s is tan ce (friction coefficient) . 
2. Therma l  effects. 
3. 
4. Vib rat ions,  
Damage (wear)  and s t ruc tu ra l  t ransformation.  
He suggested seve ra l  friction and w e a r  topics that might profitably be  
conducted by interdiscipl inary teams (table 1). 
Wetting. The importance of "wetting" to lubrication was  emphasized 
by Groups IV and VI. In the final genera l  discussion, J. K. Appeldoorn 
questioned the relevance of wetting, citing that a sil icone fluid will displace 
a petroleum oil f rom a surface;  but i t  is not a good lubricant.  E. D. Brown 
countered that si l icones a r e  not a l l  bad lubricants ;  bes ides ,  he asked what 
was  meant  by the t e r m  wetting. Salomon s tated that wetting is a kinetic 
process and believed i t  to be useful in preventing wear .  
Ansell  emphasized that a scientific definition of "wetting" is r e -  
quired,  which should re la te  the phenomenon to bas i c  proper t ies .  In this 
s ense ,  the contact angle measurement  is not sufficient since i t  neglects 
the kinetic situation. 
Table 1. - Preliminary Considerations of a Fundamental Study of Friction and Wear 
lnterdiscipl inary Aspects, 
Mechanics Plus Other 
Disciplines 
0 
1, Mechanisms of Friction Adhesion - Study on the A scale, of electron arrangement and Theoretical physics, quanta 
- Thermodynamic study of surface energy and its Thermodynamics of surfaces, 
phys i ca 1 chemi s t ry 
Phys i cs of sol ids 
of Homogeneous Sol ids 
(single crys ta 1 s)  
per tu rba t i ons 
va r i a t ion 
Deformation - Study o f p  scale of dislocation movements - Study of single contacts, geometrically Elasticity, plasticity, 
- Study o f  &he continuum scale o f  friction, defined (static) v i scoe 1 as t i c i ty, rheo 1 ogy 
vibration (dynamic) 
2. Taking Account of Polycrystal Metallurgy ~ 
Hetrogeneity Thin layers Elasticity, physics 
Defects Metallurgy Multiple phases 
Metallurgy 
Stat is t i ca 1 ana 1 ys i s 
3. Mechanisms of Wear Role of fatigue in sliding and rolling wear 
Statistical analysis of friction traces in multiple 
Models o f  wear and theoretical calculations 
4. Thesaurus of Friction Classification of friction parameters (see attached) Phys i cs 
contacts 
Data Classification of effects of friction (see attached) Stat i s t i ca 1 analvs i s 
(especially case of hiqh or low friction w i t h  low wear) 
Constitution o f  magnetic memory with multiple entires 
5. New Friction Friction compatibility of material pairs Chemical physics 
Materia Is Mechanical properties of type of contact; influence of Metallurgy 
other factors 
Modes of appl i cat i on 
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J. J. Bikerman called attention to a phenomenon known as the 
hys t e re s i s  of wetting, stating that one m u s t  consider advancing and receding 
contact angles. 
moans a r e  available to calculate the r a t e  of c r eep  for  Newtonian liquids. 
He also aff i rmed the importance of wettihg to lubrication. 
Web emphasized that the science of wetting is ve ry  old, and 
M. C. Shaw and E. A. Saibel suggested that wetting may  be quite 
relevant in hydrodynamic and elastohydrodynamic lubrication. P. M. Ku 
called attention to the work of Deryagin on flow anomoly in the vicinity of 
solid s u r f a c e s ,  a s  well as the work of Naylor and o thers  showing possible 
effects of adsorption even when operating in the EHD regime. R. L. 
Johnson added that wetting is important t o  the t ranspor t  of lubricant  in  
bearings and thus to cooling. 
Elastohydrodynamic Lubrication. Referr ing to f igure 1 in the r epor t  
f rom Croup 111, R. S. Fe in  questioned the validity of represent ing hydro- 
dynamic, elastohydrodynamic, mixed, and boundary lubrication reg imes  
by a single curve on the f vs. Z N / P  coordinates.  He agreed  with the single- 
curve representat ion fo r  the hydrodynamic regime;  but not with the others .  
W. J. Anderson, H. C. Cheng, E. V. Zaretsky,  and R. P. Shevchenko all 
concurred with Fein.  Ku suggested that the c lass ica l  work of Crook and 
the more recent  work on t ract ion in  EHD contacts by Naylor, K. L. Johnson 
and o the r s  a l l  point to the fact  that f in the EHD regime i s  not uniquely de- 
termined by Z N / P .  As to mixed and boundary lubrication r eg imes ,  the 
fact  that f is not uniquely determined by Z N / P  is wel l  known, for  example,  
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through the work of  McKee and others .  
Boundary Lubrication, The. effect of l u b r i c a n t - m e t a l - a ~ m a ~ ~ h ~ ~ e  
QntaraetQon on baunda.ry lubri 
The: imrncnae difficultic!s in performing controlled, c r i t i ca l  experiments  
and in interpreting the resu l t s  were  a l so  recognized. 
ion was recsgnirt,ed in a11 Group discussions. 
Referr ing to the Group III repor t ,  Salomon mentioned the difficulty 
in  controlling and measuring the oxygen content in experiments ,  and 
questioned how very low concentrations of oxygen were  achieved. E. E. 
Klaus replied that the oxygen concentration r e fe r r ed  to in figure 2 in  the 
Group I11 repor t  r e fe r r ed  to that of the dissolved oxygen in the liquid; not 
that  in the atmosphere.  
Lubrication of Concentrated Contacts. Ku announced that a sym-  
posium on Interdisciplinary Approach to the Lubrication of Concentrated 
Contacts wi l l  be held in Troy,  New York, on July 15-17, 1969, again under 
the sponsorship of NASA. He expected that many of the problems discussed 
. here ,  such as elastohydrodynamic lubrication, rheological and chemical 
effects,  e tc ,  w i l l  be m o r e  thoroughly covered a t  that time. 
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